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3. ABSTRACT 

The subject of this dissertation is design, physics, and applications of organic 

photorefractive polymers which are a recently discovered new class of multifunctional 

polymeric composites suitable for real-time holographic recording. Design principles of 

amorphous guest-host photorefractive polymers are described, and their performance is 

investigated. Also, the use of these materials as recording media in dynamic holographic 

applications is evaluated. Diffraction efficiency of ri ~ 86%, limited only by absorption and 

reflection losses, two-beam coupling net gain coefficient of F = 200 cm"\ and light-

induced refractive index modulations as high as Aw = 7x10"^ are demonstrated. Hologram 

growth rates of the order of 500 ms are observed with recording light intensities > 10 

mW/cm^ using either low-power laser diodes (675 nm) or a HeNe laser (633 nm). The 

materials have been synthesized that show good sensitivity in red and near-infrared part of 

the light spectrum. Physical mechanisms leading to high performance of photorefractive 

polymeric composites and the influence of the polymer composite structure on optical 

performance are investigated. The experimental results are compared with a 

phenomenological model based on Kukhtarev's equations. Experiments showing possible 

applications of PR polymers, such as dynamic time-average interferometry and document 

security verification are demonstrated. 
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4. INTRODUCTION 

During the past decade an intensive research has been pursued on polymers 

employable in photonic applications. The driving force behind this research effort is the 

low cost and excellent processing properties of polymers combined with remarkable 

flexibility provided by synthetic chemistry in tailoring their optical characteristics to any 

particular application. Among the areas of great polymer expectations are plastic fibers, 

electrooptic modulators, solid state laser dyes, light-emitting polymeric devices etc. 

Photorefractive polymers have a special place in the polymer family as multifunctional 

materials in which several components, each playing different role, combine to create a 

totally new quality. Although very young as a research field, they too became an area of 

great interest over the last several years and, as will be shown in this work, now display a 

good potential to be used in wide variety of applications. 

To understand the interest in photorefi-active polymers it is necessary to know 

what the photorefractive (PR) effect is and why for so many years it has been a subject of 

extensive research [1]. It was first discovered as a detrimental effect in lithium niobate - a 

cumulative damage to electrooptic (EO) crystals which prevented their fiirther use for 

laser frequency up-conversion. However, it was rapidly recognized as a mechanism to 

induce refi^active index changes by light, which, of course, makes it suitable for real-time 

holographic recording. This is, indeed, a very instructive historical example of a 

detrimental effect turned to an advantage. 
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Figure 1. Formation of a refractive index grating via photorefractive effect. 

PR effect has been observed in a variety of inorganic EO crystals (see Ref [1] and 

references therein) so that it may be considered a general property of EO materials. The 

range of sensitivity for an EO crystal depends on its band gap and impurities providing 

photosensitivity for the material. 

PR effect in EO materials is not the only way how light can modulate refractive 

index of a medium. In fact, there are numerous physical mechanisms which lead to that: 

third-order optical nonlinearity (), photochromic effect in materials such as 

bacteriorhodopsin, plasma gratings in semiconductors etc. What makes PR effect so 

unique is the magnitude of the light-induced refractive index changes per absorbed photon. 

KAA/^ Photvgeneration of 
holes aad electr'^ss 

Drift of th.s holes under the 
influence of the applied 
field 

Charge separation and 
space-charge fonnation 

Internal periodic field that 
modulates the refractive 
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Phase shift Photorefractive grating 



or its photosensitivity. This means that very large index changes can be created in an 

essentially transparent PR material without inducing practically any absorption changes 

and with a low light power (milli- or even micro-watt) cw laser source. Such refractive 

index changes are created via the electrooptic effect by the internal electric field which is 

formed via separation and trapping of carriers that are photogenerated by a spatially 

inhomogeneous excitation (Figure 1). Since PR effect results from electronic susceptibility 

change of the EO crystal it is more sensitive than, for example, photochromic processes 

which require changes in the electronic configuration or crystallographic structure of the 

material. Similarly, non-resonant processes need high peak power ultrashort laser 

pulses to induce observable refractive index changes. 

Since the resulting index pattern is created by the space charge electric field, it has 

the same period as the light fnnge pattern that generates photocarriers, but is usually 

phase-shifted. This phase shift is a signature of the PR effect and leads to asymmetric 

energy exchange between the two coherent beams generating the grating. This 

phenomenon is usually referred to as "two-beam coupling" (2BC). 

To understand why PR materials are so efficient in refractive index modulation by 

light let us consider refractive index changes An created in an EO material by the light-

induced carriers with concentration no. It is expected that carriers separate by a distance 

smaller than the grating spacing A, determined by the wavelength of the incident light and 

the crossing angle of the recording beams. It is reasonable to assume that the charge 

separation distance is of the order of MK = TJI-k, where X is the wavelength of the 



recording light. Such a charge separation leads to the formation of a space charge electric 

field Eic'. 

= Amn^ jKs = len^^-le, (1) 

where e is the elementary charge and e is the static dielectric permittivity of the medium. 

This field modulates refi'active index via linear EO effect; 

1 1 (2) 
^n = --n'rE^, 

where n is the refiractive index of the material, r is the effective EO coefficient. Combining 

equations (2) and (1) we get: 

A// 
An = - Of 

«0 

n'r (3) 
Z. 

£ 

As we see, a figure n^r/e (sometimes used for EO materials used in fast EO modulators) 

arises as a measure of the effectiveness of a PR material. A typical value for this figure for 

an EO crystal is 10 pn/V (10.3 pnv^ in LiNbOs), which for a wavelength of 600 nm 

yields \Awno\ ~ 10'^° cm^. Expressed as refi'active index change per unit absorbed energy 

\An/W\ the figure of merit (FOM) jA/i/Wj is the sensitivity of a PR material. For 600 nm 

light and quantum efficiency of carrier photogeneration equal unity the sensitivity is 

~ 0.1 cmVj. 

Possibility to record holograms in real time without any developing, optical erasing 

of the recorded information, and ability to fix induced index changes make PR materials 

the most versatile of all holographic media. For comparison, silver halide films are suitable 

exclusively for read-only applications and require developing; thermoplastics also cannot 



be used in real time; and materials need short pulse, high peak power laser sources. 

These properties make PR materials potentially the media of choice for many real-time 

holographic applications such as dynamic holographic interferometry, non-destructive 

holographic testing, and other applications. 

It is important to notice that FOM n^r/e is typically higher for PR polymers as 

compared with inorganic PR crystals. This is due to the electronic origin of optical 

nonlinearities in orgaruc materials in general and in polymers in particular, which allows 

them to have high EO coefficient and low dielectric constant s at the same time. Besides, 

low glass transition temperature polymers have additional contribution to the refractive 

index modulation attributable to the chromophore orientational enhancement of the PR 

effect [2], which leads to higher effective nonlinear response. The higher FOM n^r/s is one 

of the major reasons that polymers are considered promising for photonic applications. 

Despite the fact that PR materials (in fact, almost exclusively inorganic crystals) 

have been studied for more than 20 years there is yet no real life applications that would 

employ them. Why is this and how can polymers change this? Part of the reason is that due 

to the nature of the PR effect a photorefractive material should possess extrinsic 

photosensitivity, transport, and EO properties simultaneously. Such a combination of 

properties in a single compound is rather rare, and the choice of PR materials up until 

recently was mostly confined to inorganic EO crystals. Such crystals are usually expensive, 

their properties are difficult to control precisely, they are brittle and cannot be formed into 

large area flexible layers, which is a disadvantage for many applications. Other PR 



materials such as bulk semiconductors and semiconductor multiple quantum wells, as well 

as some ceramics have not been widely studied so far, although they currently have 

become a subject of active research. 

As opposed to crystals, amorphous PR polymers overcome many of the drawbacks 

mentioned above. They are inexpensive, possess good film-forming capabilities, and the 

properties required for the PR effect can be adjusted abnost independently. Polymers, first 

demonstrated as a new class of PR materials in 1991, initially showed very small 

diffraction efficiencies [3], However, as demonstrated in this dissertation, this class of 

materials can have better, in some respects, performance than the best inorganic PR 

crystals. Thus, PR polymers provide a cost-effective alternative to PR crystals and also 

offer ease of processing combined with excellent performance. 

This dissertation describes the design principles, optical properties of 

photorefractive polymeric composites, and some of their potential applications. The 

material performance is evaluated by means of linear absorption, four-wave mixing and 

two-beam coupling experiments. High diffraction eflRciencies (~ 86 %) resulting from 

large refractive index modulations and subsecond hologram growth rate are observed in 

105 nm thick films of these materials, using either low-power visible laser diodes or a 

HeNe laser for writing [4, 5]. Experiments demonstrating the use of these PR polymers as 

recording media in time-average interferometry and pattern recognition are presented. 



25 

5. UNDERLYING PHYSICAL MECHANISMS OF 

PHOTOREFRACTIVITY AND DESIGN CONSIDERATIONS FOR PR 

POLYMERS 

As was mentioned in the introduction, the PR effect is unique in its non-local 

nature of the refractive index modulation by light. Before the index grating is written 

several events must occur: 1) free charge carriers must be generated by light at a 

wavelength below the band gap of the material; 2) charge carriers must separate in space, 

creating a space charge; 3) the resulting space charge electric field must modulate the 

refractive index of the material. Therefore, the PR effect involves three different 

fundamental processes; photogeneration of carriers, transport, and electrooptic effect. All 

three fijnctions must be incorporated in a material that is designed to posses PR properties 

[6]. In organic materials (and polymers in particular) these fiinctions can be provided by 

different agents (i.e. photosensitivity by photoreceptors, transport by charge transporters, 

and NLO properties by organic chromophore molecules). Therefore, they are very suitable 

for optimizing these functions almost independently from each other, thus allowing for 

greater flexibility in tailoring the PR properties of the composites to any particular 

application. 

It must be pointed out that, since a large part of the development effort in the area 

of new PR polymers is the search for efficient organic photoconductors, it can greatly 

benefit from the tremendous amount of work that has been done in the field of 

xerographic photoreceptors for copiers and laser printers during the past two decades. For 



this reason, research on PR polymers historically borrows from the results and capitalizing 

on the achievements of the xerographic industry. In particular, the following review of 

different photosensitive, charge transporting, and photoconductive organic materials 

draws heavily from the results accumulated by the xerographic community over the past 

decades. 

Below we consider these three fundamental processes and corresponding classes 

of materials and outline the selection of currently available compounds in each class with 

prospective use in the design of PR composites. 

5.1 Photogeneration 

Main feature of charge photogeneration in organic materials is the strongly field-

dependent quantum efficiency of free carrier generation. Quantum efficiency can vary 

between 10"^ and 10° in different materials at different electric field values and 

temperatures. Field dependence of the photogeneration efficiency has been observed in 

most of the organic photoreceptors and is commonly described by the models based on 

geminate recombination. Geminate recombination (or initial recombination according to 

Onsager [8]) is usually defined as the recombination of a an electron with its parent cation 

[II]. Most frequently used models of geminate recombination are based on theories 

developed by Onsager for dissociation of ion pairs in weak electrolytes in the presence of 

an electric field [7, 8]. Since most of the experimental results on photogeneration in 

organic compounds are analyzed within the framework of this theory, understanding of its 

basic concepts is necessary for comparative studies of different photoreceptors. A brief 



outline of the Onsager theory is given below. More detailed descriptions can be found 

elsewhere in literature [9, 10]. 

5.1.1 Onsager theory of geminate recombination 

The theory describes the probability of escape of an electron from its parent cation 

in the presence of an electric field. As considered by Onsager [8], this model is reduced to 

the random walk problem in the presence of an ionizing static electric field. It is described 

by the equation of Brownian motion derived from Smoluchowski equations with a source 

at arbitrary location and the sinks at the origin and the infinity. 

In models based on Onsager formalism, free carriers are assumed to be created by 

a multi-step process. The first involves photon absorption and the creation of a localized 

hole and hot electron. The hot electron then becomes thermalized at a distance ro, creating 

a charge-transfer state. This process is described by a primary quantum yield <f)o. In this 

state, the thermalization distance is such that the thermal energy is comparable to the 

Coulomb energy. In the final step, the charge-transfer state can either dissociate into a free 

electron and a free hole or undergo recombination. The dissociation probability is obtained 

from the Onsager theory. The overall photogeneration efficiency <j) is then given as the 

product of the efficiency of creating the bound pair and the pair dissociation 

probability [9]: 

(f)(E) = (l>Q\ci(r,Q,E)g(r,Q)dT, (4) 

where c/r represents the volume element, 0.{r, O, E) is the probability that a thermalized 

ion pair separated by a distance r at an angle O to the direction of field escapes 



recombination, g(r, 6f) is the spatial distribution of thermalized pairs, usually assumed to 

be an isotropic function g(r, 0) = \/(4nro^)-5(r-ro). In the final form the overall 

photogeneration efficiency can be written as [9]: 

where r^T) = e'/dcT is the Coulomb radius. After neglecting the smallest terms, 4>(E) is a 

relatively simple function of the electric field E, temperature T, the dielectric constant of 

the medium s, and the material parameters Kq (which depends on the excitation wavelength 

X) and (j)o (which might depend on the concentration of the photosensitive centers). 

When applied to polymers, this theory typically gives thermalization distances of 

about 20 to 30 A. This large separation is hard to explain since charge-transfer excitations 

usually involve nearest neighbor molecules. However, the Onsager theory usually gives a 

reasonable fit of the experimental data for most of the doped polymers for fields exceeding 

~ 3 -10"* V/cm and using the two parameters ro and (po. This is suflRcient for the purposes of 

this discussion, since we are primarily interested in a method of comparing the 

performance of different photoreceptor materials. Generally, an efficient photoreceptor 

should posses larger values of both thermalization distance and the primary quantum yield. 

5.1.2 Photoreceptormaterials 

Since photogeneration of carriers must occur at an energy below the interband 

transition (the medium must be almost transparent to be useful for hologram recording), it 

must be provided by some kind of photosensitive centers existing in the bulk of the 

rc<T)/ra 
(5) 



medium (extrinsic photogeneration). In inorganic crystal it is usually achieved via doping 

with small amount of impurities (e.g. Fe impurities are the most important in oxygen-

octahedra ferroelectrics like LiNbOs typically used in concentration ~ lO'® cm*^) [I]. In 

polymers, dopants (usually organic molecules) also lead to change in absorption, however, 

they do not form covalent bonds with the host or with each other (unless a chemical 

reaction occurs). Such dopants, or photoreceptors, can be separated into two categories; 

1) pigments and dyes with suitable intrinsic electronic absorption, and 2) molecular 

complexes with absorption different from their individual constituents. 

5.1.2.1 Organic pigments 

A variety of very efficient pigments has been developed for the xerographic 

industry over the past decades [11]. Several most commonly found classes of them are 

described briefly below. Most of them exhibit excellent photoconductive properties as well 

when in the crystalline form, and, therefore, have been used efficiently in dual-layer 

xerographic devices [11]. 

Phthaiocyanines. Chemical structure of a generic phthalocyanine (Pc) is shown in Figure 

2. They are usually classified as either metal or metal-free. In solid state Pc-s usually have 

blue, blue-green, or green color, depending on central metal. Their color is due to intense 

absorption in the red. The phthaiocyanines can exist in several crystalline forms. For 

metal-free phthaiocyanines, these are usually described as a (tetragonal), P (monoclinic), x 

(hexagonal), and x [11]. The phthaiocyanines can be used in their pure crystalline form or 

dispersed in polymer matrix (mostly metal-free Pc). Studies of x-metal-free phthalocyanine 
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particles dispersed in poly(vinylcarbazoIe) were reported in Ref. [12] and [13]. It was 

found that quantum eflHciencies were strongly field dependent and independent of 

wavelength, and approached unity at high fields and low intensities. Most metal Pc-s 

exhibit strong absorption in red and infi-a-red regions and have very good quantum yield of 

photogeneration. The best performance so far was observed in K-TiO:Pc polymorph 

where quantum yield exceeds 90% [14]. 

Squaraines. Chemical structure of a generic squaraine is shown in Figure 2. Because of 

the unique electronic structure, the nomenclature of this class of compounds had not been 

systematic. Squaraines were initially used as sensitizers for ZnO photoconductors [15], 

The photoconductivity of squaraines was first recognized in 1974 [16], They exhibit 

intense absorption in the near infi-a-red (NIR) in the solid state, which matches well to the 

Phthalocyanines Squaraines 

M = RH Metal-free Pc 
M = Cu Copper Pc 
M = TiO Titanyl Pc 
M = VO Vanandyi Pc 

Azo pigments: Chlorodiane Blue Perylenes 

HNOC COW 

Figure 2. Organic pigments. 
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diode lasers and stimulated their rapid development in the 1980s. Recently, very efficient 

asymmetric squaraines were synthesized (Figure 2) having sensitivity performance that 

compares favorably with 7-TiO:Pc [17], which is one of the best IR photoconductors at 

present. 

Azo pigments. Azo dyes and pigments belong to a class of colorants which consist of azo 

chromophore (-N=N-) linking aromatic groups [14]. The chemical structure of one of the 

common azo pigments - Chlorodiane Blue, is shown in Figure 2. The simplicity of their 

preparation has enabled azo compounds to become the largest group of synthetic 

colorants to date. Most of the photoconductive azo pigments are sensitive in the visible 

region (450 - 650 nm). They are practically insoluble in common organic solvents. Their 

photosensitivities are as high as the best in the phthalocyanine and squaraine series. 

Perylene pigments. Perylenes (Figure 2) are best known for their use as colorants for 

automobile paints and plastics. They have a red (or orange red), red-brown, or purple blue 

appearance. Their solubility in common solvents is very low (e.g. N,N'-Dialkyl diimide 

perylenes are slightly soluble in methylene chloride). 

Table 1. Properties of several classes of organic pigments as reported in Ref. f 14 

Material class Sensitivity 
region 
(nm) 

Dark decay 
(V/s) 

EO.5 
(|iJ/cm^) 

Solubility Solid state form 

Phthalocyanines 550 to > 800 -2 to -80 < 0.075 poor polycrystalline 
Squaraines 600 - 900 -10 to -100 <0.2 good polycrystalline 
Perylene pigments 450 - 700 -10 to -60 0.3 - 1 poor polycrystalline 
Azo pigments 450 -650 -1 to -20 0.2 - 0.5 insoluble polycrystalline 



The photoconductivity performance parameters for these photoreceptors are 

suimnarized in Table 1. Dark conductivity was characterized by the dark decay rate in 

xerographic measurements [11]. This is the rate at which the potential created by the 

initial corona charging is decaying in the dark. Photosensitivity is characterized in these 

measurements by the energy E0.5 required to photodischarge half of the initial potential Vt, 

and is the product of light intensity / and time to discharge the device from Vi to 0.5-

Dark decay rate in these measurements was mostly determined by the purity of the 

materials and can be improved significantly [14]. Presented data demonstrate that the best 

materials in these classes show excellent photoconductivity, suggesting very high charge 

generation efficiency. However, this is only true for the pigments in the polycrystalline 

form, rather then dissolved in a polymer matrix. Besides, most of these materials have very 

poor solubility which complicates their use in PR polymer designs. Therefore, most of 

them are mostly useful to serve as the photosensitive layer in dual-layer devices. 

5.1.2.2 Molecular complexes 

Molecular complexes result from thermodynamically favorable associations 

between molecules. Examples include molecular associations driven by electron transfer 

between donor and acceptor molecules in a charge-transfer complex, and associations 

where one molecule, typically a polymer, acts as a template for the binding of another 

molecule to form aggregates. Such complexes have been utilized as both generation and 

transport materials. 



Donor CT-complex Acceptor 

LUMO 

HOMO 

new transition 

4 

LUMO 

HOMO 

Figure 3. Energy level diagram of a charge-transfer complex formation. 

Charge transfer complexes. It has long been recognized that when electron donor and 

acceptor species are mixed together in solution or in solid state a molecular association 

often occurs which leads to the appearance of new absorption features - the so-called 

charge transfer absorption [18], The generally accepted explanation of the observed 

behavior is that when two molecules with different electron affinities come into close 

proximity one attracts part of the electron density of the other. As a result, a new 

electronic transition becomes possible when the charge is transferred fi-om the donor 

molecule to the acceptor, resulting in the appearance of the absorption features different 

from both donor and acceptor individually (see energy level diagram in Figure 3). 

For example, the addition of suitable electron acceptors, which form a colored CT-

complex, is a proven way of increasing the photogeneration efficiency and extending the 

range of spectral sensitivity of poly(vinylcarba2ole) (PVK) [19, 20]. Of the many CT-



complexes that have been investigated, the complex between PVK and 2,4,7-

Trinitrofluorenone (TNF, Table 2) has been the most widely studied. Historically, the 

TNF-PVK complex was so effective that it became the first commercial organic 

photoconductor [21].The complex gives rise to enhanced absorption in the visible region 

of the spectrum with a maximum at approximately 500 run [20], The photogeneration is 

strongly field dependent and has been described by the Onsager formalism. It was reported 

that the sensitivity is unchanged for exposures as short as 10*^ s [11]. For shorter exposure 

times, some loss in sensitivity was observed. Also, an increase in efficiency was observed 

with the decrease of excitation time. This was attributed to the decrease of the Coulomb 

energy of the bound electron-hole pair due to stronger dipole-dipole interaction of the 

increased number of pairs created by the higher photon flux of short excitation [11], The 

TNF-PVK CT-complex and similar complexes with 2,4,5,7-Tetranitrofluorenone (TeNF) 

and 9-Dicyanomethylene-2,4,7-trinitrofluorenone (DCMTNF, Table 2) are quite efficient 

at high fields throughout the visible spectrum. The thermalization distance was measured 

for TNF-PVK and varied fi^om 25 A for the 1.0:0.06 PVK;TNF molar ratio to 35 A for 

the 1:1 ratio [10]. Primary quantum yield was measured to be 0.23 at all concentrations. 

TeNF-PVK CT-complex shows similar parameters [22]. Photogeneration quantum 

efficiency is constant as function of wavelength between 400 and 650 nm for TNF-PVK 

and between 400 and 700 nm for TeNF-PVK (the value is ~ 0.1 at 50 V/|im for both of 

them). However, it drops abruptly above 650 nm for TNF-PVK, and above 700 nm for 

TeNF-PVK [22]. It was argued that photogeneration occurs fi^om a discrete energy level 

which corresponds to the cut-off wavelength in the quantum yield spectrum. The flat 



35 

response below the cut-oflf wavelength is attributed to the deactivation from the higher 

energies to that thermalization level from which photogeneration and fluorescence operate 

in competition. 

Table 2. Common organic electron acceptors. 

Structure Name 
o 

NOj 

2,4,7-Trinitrofluorenone 
(TNF) 

NC^^^CN 

NOj 

9-Dicyanomethylene-2,4,7-
trinitrofluorenone 

(DCMTNF) 

O 2,4,5,7-Tetranitrofluorenone 
(TeNF) 

NO, NO, 

NC^ ^C=C^ 
NO' CN 

T etracyanoethylene 
(TCNE) 

C O j C H j — C O j C H j  
Dimethylterephthalate 

™c=/"W™ 7,7,8,8-T etracyanoquinodimethane 
(TCNQ) 

CI 

cr 1 o 
Cl 

T etrachloro-1,2-benzoquinone 
o-chloranil 

(Chi) 

")&° 
Nc'|r''^ci 

2,3-Dichloro-5,6-dicyano-/7-
benzoquinone 

(DDQ) 

® Fullerenes: Ceo and C70 



Some of the most common electron acceptors are presented in Table 2. Many of 

these were used as sensitizers for PVK and also employed in PR polymeric composites. 

The patent literature discloses virtually all known strong electron acceptors in conjunction 

with PVK and other carbazole polymers, but none was studied in such detail as the PVK-

TNF complex. 

It is generally observed that the energy of the CT-transition is decreased with the 

decreased ionization potential of the donor and increased electron affinity of the acceptor 

[18], although exceptions are common as well. Therefore, a proper acceptor for PVK, for 

example, can be chosen to provide photosensitivity in the required spectral region. For 

example, it was reported that PVK-TeNF CT-complex has photosensitivity extending 

farther in the NIR region then the PVK-TNF complex [22]. Similar observations have 

been made about the DCMTNF, as will be shown later in this dissertation. 

Dye-polymer aggregates. These aggregate materials are a class of two-phase structures 

that contain a light-sensitive crystalline complex of a thiapyrylium compound and a 

polycarbonate in continuous phase. The continuous phase contains an electron donor and 

the polycarbonate. The crystalline phase forms as a filamentary substructure that extends 

throughout the volume. The filamentary phase consists of associated dye and polymer. 

Typically, the aggregate filamentary phase occupies about 10% of the total volume [23, 

24]. Described by the Onsager theory, the results of photogeneration experiments show 

the primary quantum yield of 0.58 and the thermalization distance of 44 A at room 

temperature. Both the primary quantum yield and the thermalization distance were 



independent of wavelength. The thermalization distance increased linearly with 

temperature. The primary quantum yield was independent of temperature [11]. 

Performance parameters in terms of primary quantum yield (^o and thermalization 

radius ro are summarized in Table 3 for different materials. 

Table 3. Primary quantum yield and thermalization distances determined from models based on the 
1938 Onsager formalism for some for different photoreceptors. Adapted from Ref. [1 !]• 

Material (f>o To (A) 

PVK-TNF 0.23 35 

ZniPc >0.5 5 

H,H:Pc in PVK close to 1 — 

Aggregates 0.58 44 

bisAzo 0.75 22 

Fullerenes in PVK'' 0.9 19 

Data for fullerenes in PVK are taken from Ref. [25], 

Most of the values are approximate and vary slightly depending on experimental 

conditions. Typical values for each parameter and material are presented. In practice, high 

primary yield means good eflBciency at high fields, whereas large thermalization distance 

means smaller drop of the photogeneration efficiency at lower fields. 

5.2 Transport 

There are several known mechanisms of conductivity in polymers. They can be 

classified according to the carriers responsible for conduction as well as different transport 



mechanisms related to structural order. Theories of charge transport in polymers are also 

reviewed briefly in this section mostly for the purpose of providing a framework for the 

comparison of different transport materials. 

5.2.1 Different types of conductivity 

First type of conductivity is ionic conductivity. Ionic carriers usually are hydrogen 

or hydronium ions, metallic impurities, salts etc.. There are several basic sources of ions in 

polymers: 

1. Ionized dissociated particles normally bound to the polymer backbone. Since 

dissociation is usually temperature dependent, their concentration (and mobility) varies 

with temperature. 

2. Impurities, such as catalyst residues, degradation products, and dopants. 

3. Water. Since almost all polymers absorb some water (between 0.1 and 1% [26]), it can 

greatly increase the conductivity even by itself 

Ionic conduction requires actual mass transport and is very sensitive to pressure and 

humidity (transport is thermally activated but pressure reduces the mobility or carrier 

ions). It is also extremely sensitive to variations in fabrication. Increased density of 

polymer matrix reduces ionic conductivity. When dc field is applied, ionic current may be 

observed to decrease rapidly as ions are moved to the electrodes, and thus the supply of 

carriers is depleted and electric field is screened. 

Second type of conductivity is due to band-like transport similar to the transport of 

the delocalized Bloch electrons in semiconductors. It is applicable to highly ordered 
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crystalline structures and starts to break down when there is very little electron 

delocalization and the band degenerates into a bound excited state. Band-type 

conductivity is limited by the carrier concentration available for conduction. For polymers 

it can only be applied to transport along the chains of conjugated polymers with extended 

jc-electron system where conduction proceeds by essentially activationless transport. It is 

necessary to mention, however, that intermolecular carrier transfer plays a crucial role in 

charge transport in polymers. Even in high molecular weight polymers the characteristic 

dimensions of a single chain are 100 to 1000 A, and, therefore, hopping between different 

chains must take place if charge is to be transported over finite distances. 

Third type of conductivity is hopping between sites of localization. In this case 

there is a continuum of available energy states, but these states are now localized so 

conductivity is severely mobility-limited and charge transport can occur through the 

thermally activated hopping across energy barriers between the localized states. This is the 

most common transport mechanism used to describe transport in polymers employed for 

xerography and in PR composites. These polymers have small and strongly field-

dependent mobilities ranging between 10'* and 10~* cmW-s at electric fields of 10'* - 10® 

V/cm. Low charge mobilities are quite sufficient, for example, for xerographic machines. 

Main requirements for the transporting materials are low dark mobilities and transport 

without deep trapping in the wide range of fields. The success of PR polymers based on 

these transporting materials demonstrates that they are also quite adequate as components 

of the PR composites. 



5.2.2 Theories of charge transport in polymers 

When studying transient photoconductivity in PVK in time-of-flight experiments, 

Pai [27] observed that the mobility of photogenerated holes is proportional to the square 

root of the applied electric field: // ~ E'^. Consequently, he suggested that the dependence 

of the mobility on the applied field may be described by the Poole-Frenkel mechanism 

[28], This mechanism refers to the reduction of the ionization potential of an electron AU 

in the Coulomb potential of an isolated ion under the influence of external electric field: 

AU = eEro + e'/ero, where ro is such that e^/sro = eE. Therefore, it predicts the reduction 

of the activation energy AU = l(e^le)'^E'^. Based on this model, Pai proposed the 

following empirical law to fit the experimental data for the field dependence of the 

mobility: 

where A is activation energy and E is the applied electric field, and p'is the Poole-Frenkel 

factor, which is a fiinction of temperature and was described empirically by Gill [29] as: 

In the last equation B and To are fi^ee parameters used to fit the experimental data. The 

model, thus, predicts Arrhenius type relationship for the mobility. From subsequent 

detailed studies performed on a variety of doped, pendant-, and main-chain polymers, as 

well as vapor-deposited glasses, it became clear that they share the specific pattern of 

field- and temperature-dependent transport behavior illustrated by Eqns. (6) and (7) 

despite their compositional and structural diversity (see Ref [11] and references therein). 

fi ~ Qyi^[-{A-yE^^)lkT\, (6) 

Y=B[{\lkJ)-{\ lkTo)l  (7) 



Moreover, the fitting parameters B and To usually vary by no more than a factor of 2 

(typical values are 5 ~ 4-10"^ eV(V/cm)'''^ and To ~ 500 K, A ~ 0.5 eV) [30]. 

However, models based on the Poole-Frenkel effect are based on assumptions that 

are considered unrealistic [11]. Usually, it is explained as follows. The Poole-Frenkel 

effect is based on Coulomb centers, or traps, which are charged when empty. To preserve 

electrical neutrality, these require a corresponding concentration of centers of the opposite 

sign. However, the proven reproducibility of data using solvents and materials of different 

origin and techniques of measurement does not favor the existence of defined and 

reproducible amounts of coulombic traps. Furthermore, Poole-Frenkel models lead to the 

prediction that for typical field strengths of 10^ V/cm the position of the maximum of the 

Coulomb potential is at distances ~ 60 A which is considerably greater than intersite 

distances of most doped polymers. Thus an electron or hole should complete its hop in a 

distance much shorter than the distance corresponding to the peak of the potential barrier 

determined by the Coulomb potential and the applied field. 

Physical discrepancies of the Poole-Frenkel models lead to the development of a 

number of different theories of charge transport in polymers (see Ref [11, 30, 31]). Main 

models that are currently discussed are the polaron transport and disorder-dominated 

transport, the latter also being referred as Bassler formalism [32], Predictions of the latter 

are in qualitative agreement with the field and temperature dependencies of the mobility 

and the temporal features of the photocurrent transients in a wide range of polymers. The 

basic limitation is that predictions of the model frequently do not agree with experiment at 
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low fields. In presence of both energetic and positional disorder the Bassler formalism 

predicts for mobility; 

where /Ua is the mobility of a hypothetical disorder-fi-ee polymer extrapolated to R= QO, 

a = a/kT, cris the width of the Gaussian density-of-states manifold for the localized 

states, S is a parameter describing the degree of the ofif-diagonal disorder, and C is a 

constant. Main difference from the Poole-Frenkel model is the 1/7^ dependence. 

Unfortunately, it very difficult to measure temperature dependencies in a wide enough 

range to elucidate the differences between l/T and 1/7^ dependence, so both models fit 

experimental data equally well. 

For the purpose of this discussion any type of dependence allowing to fit the 

experimental data correctly for the majority of the materials would be sufficient. 

Therefore, performance of different transporting compounds will be compared in terms of 

the relationships Eq. (6) and (7), since it has been widely used for many years. Any charge 

transporter will then be characterized by the disorder-free mobility po, activation energy A, 

and parameters B and To. Since //o is ~ 10'^ cmW-s for most of the materials, they are 

mostly different in their zero-field activation energy A. 

5.2.3 Charge transporting materials 

Most of the organic transporting materials are hole transporters. Since for the 

purpose of making PR polymers one carrier-type transporters are quite suitable or maybe 

(8) 
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Active side 
groups polymers: PVK chain polymers: PMPS 

Active main 
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with active molecules: polycarbonate 

Polymers with active 
groups in the main chain 

Figure 4. Different types of charge transporting polymers. 

even preferred, we will review only hole transporting materials in this short survey. They 

are usually available commercially and many of them are very efficient. There are four 

major classes of charge-transporting polymers: 

1. Active side chain groups. PVK (Figure 4) is a well studied example of this class of 

polymers. Here transport proceeds by holes hopping between the carbazole moieties 

with the main chain providing only mechanical function. This type of polymers usually 

contains aromatic amine pendant groups attached to different backbones. Vinyl 

backbone polymers, as well as polyacrylates and polymethacrylates have been 

examined. Also the poly(siloxane) backbone polymers with pendant carbazole groups 

show similar transport properties to PVK, but are softer, have lower glass transition 
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temperature Tg (which is a temperature at which new degrees of freedom for large 

amplitude motion of the constituent moieties in the polymer are released or 

"unfrozen"), and their films typically have better optical quality. 

2. Active main chain types. These are typically conjugated polymers. The role of pendant 

groups in this class of polymers is secondary and transport proceeds by holes hopping 

between relatively ordered main-chain segments. Many photoconductive polymers 

with conjugated C=C, C=N, and C=C bonds have been reported in the patent 

literature, but in most cases no fiindamental parameters are available. Noteworthy for 

PR polymer design purposes is /rawj-polyphehylacetylene. When doped with I2 or 

DDQ, it shows a ratio of photo- to dark conductivity of ~ 10^ [33], The Si and Ge 

polymers also belong to this class. Poly(methylphenylsilylene) (PMPS, Figure 4), for 

example, shows hole mobilities close to 10"^ cmW-s at high fields [11]. 

3. Molecularly doped polymers (MDPs). These are solid solutions of a transport-active 

moiety in a glassy binder. Transport proceeds by carriers hopping between the neutral 

molecule and its radical cation (holes) or anion (electrons). Transport states are 

primarily derived from the molecular levels of the transport molecule. Numerous 

examples of hole-transporting polymeric compositions in which transport capability is 

provided by substituted aromatic amines molecularly dispersed in inert binder polymers 

have been described in the literature. Of them better studied and very efficient ones are 

N,N'-diphenyl-N,N'-bis(3-methylphenyl)-(l,r-biphenyl)-4,4'-diamine (TPD) [11] and 

l,l-bis(di-4-tolylaminophenyl)cyclohexane (TAPC, Figure 4). Usually the small 

molecules in MDPs are dispersed in polycarbonate (PC), but other binders can be used 
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as well. The role of binder on the mobility is illustrated by the fact that, for example, 

the mobility is increased by a 100-fold when TAPC is dispersed in poly(styrene) (PS) 

as compared with polycarbonate [11]. 

4. Active moiety on a main chain. In this case transport-active groups are incorporated in 

the polymer backbone but remain mutually isolated by transport-inactive links (Figure 

4). 

Phenomenological parameters describing mobility in several different polymer systems are 

summarized in Table 4. 

Table 4. Phenomenological parameters of some charge transporting compounds as found in Ref. 

liiL 
Material 

[cmW-s] 
A 

[eV] 
B 

[meV/(V/cm)"^] 
To 

[K] at ~ 100 V/|im 
[cmW-s] 

PVK 2-10-^ 0.65 0.27 660 

PVK-TNF 
(1:0.2) 

2.7-10-^ 0.68 0.27 521 10"^ 

PMPS 4-10"^ 0.36 0.215 410 10'^ 

TPD in PC - 0.2 - O.S*" - - 10-®- 10"^ 

TAPC in PC 
(50%) 

- - - - 5-10"* 

TAPC in PS 
(50%) 

- - - - 10-^ 

As reported in Ref. [29], 

Depends on the concentration. 

The values of these parameters are approximate and vary depending on experimental 

conditions. 
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5.3 Nonlinear optical properties 

On the "final" stage of the PR process the space charge field must change the 

refi^active index of the material somehow. In most materials it is achieved via linear or 

quadratic electrooptic effect. Linear electrooptic effect (Pockels effect), when allowed, is 

much stronger in inorganic crystals then quadratic effect and is, indeed, responsible for the 

large index modulations achievable in PR media. In polymeric materials, however, there 

are other mechanisms that lead to modulation of the refi^active index by electric field. In 

liquid crystals, for example, electric field changes the alignment of the molecular chains. In 

dye-doped polymers with low glass transition temperature Tg electric field orients the 

permanent dipoles of the NLO chromophores. Such a molecular orientation leads to the 

change of local optical anisotropy of the material and, thus, modulates the refi^active index 

via electric field-induced birefringence. 

No matter whether the changes of refi-active index occur via Pockels effect or 

field-induced birefiingence in polymers, they originate fi'om the microscopic nonlinearity 

or the polarizability asymmetry of the NLO chromophore molecules. For example, if we 

want our polymer to have some second-order NLO properties, we have to include in it 

some molecules that possess first-order hyperpolarizability on the molecular level [34]. 

Likewise, to be able to change the anisotropy of the medium, we must have in it certain 

molecules with different axial (OTH) and transverse polarizabilities {aj) (i.e. along and 

perpendicular to the molecular axis). 
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As photoconductive 

D Bridge —A organic materials have been 

extensively investigated for the 

Figure S. Schematic design of EO ciiromophores. 
purposes of xerographic 

applications, the organic 

materials with enhanced NLO properties were a subject of intensive research since their 

potential for frequency up-conversion and fast optical modulators was realized. As a result 

of this research effort, new organic molecules with dramatically improved performance 

were synthesized and the concepts of constructing materials efficiently using the improved 

microscopic properties of these molecules were established [35], Design of PR polymers 

can, therefore, greatly benefit from the progress achieved in this area as well. Below, the 

principles of molecular design for achieving greater optical nonlinearities on molecular 

level are briefly outlined. The ways of incorporating the organic molecules with desired 

microscopic properties into a polymer with substantial macroscopic NLO properties are 

described as well. 

5.3.1 Design principles of organic molecules with enhanced optical 

nonlinearities 

Second-order optical nonlinearity is exploited in numerous applications such as 

laser frequency conversion and fast optical switches. Therefore, typically, materials with 

strong second-order susceptibility are the most desirable for applications [35]. As a 

result, most of the research effort in the design of organic molecules with large optical 
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nonlinearities is directed toward the search of the molecules possessing large first 

hyperpolarizability p. 

It has been recognized that many organic molecules with highly delocalized n-

electron systems exhibit large hyperpolarizabilities [36], However, first hyperpolarizability 

P is found only in molecules that lack inversion symmetry. The established approach to the 

design of such molecules is the so-called push-pull structures where and electron donor 

and electron acceptor are connected via molecular bridge with extended 7t-electron 

structure (Figure 5). For such molecules P values are usually described reasonably well by 

a) b) 2,5 3,5 

N Red 1 
^ (DRl) 

Disperse 2,5 & 3,5 
DMNPAA 

c) 

NO. 

F-DEANST 

CN CN 

Example of highly 
efficient NLO 

s chromophore 
(MX) 

Figure 6. Chemical structures of some EO clu-omopliores. 
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two-level model, since the charge-transfer excited state term dominates the perturbation 

sum [37], The two-level expression for the dominant nonresonant component of the P 

tensor is proportional to [38]: 

where and are the dipole moment matrix elements for the ground state, 

excited stated, and the transition between the ground and excited state, respectively. Egg is 

the transition energy. It was shown [37], that optimizing the donor and acceptor strength 

in a push-pull molecule for a given molecular bridge will maximize p. Because of the large 

variety of available molecular donors and acceptors, as well as different conjugated 

bridges, there are numerous possibilities of synthesizing new molecules with greatly 

improved hyperpolarizabilities. It has to be pointed out, however, that since, in general, p 

increases with increasing donor and acceptor strength and with increasing separation, it 

also typically leads to the red shift in the absorption maximum of the molecule [35], Thus, 

molecules with the best performance generally have their absorption maximum at a 

wavelength Xma.* that is in the green, or even red part of the spectrum. Parameters of 

several chromophores (see structures in Figure 6) are summarized in Table 5. 

5.3.2 Approaches to the design of EO polymers 

(9) 

Once chromophores with large /? are available, they must be introduced into a 

polymer in order for it to have some EO activity. It can be done by doping inert polymer 
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matrix with chromophore molecules (i.e. by making MDP), or including them into the 

polymer structure as pendant side groups. It is well known that in order for a material to 

have EO properties on the macroscopic level, the inversion symmetry of the medium has 

to be broken [39], In the case of organic amorphous media such as polymers it means the 

chromophore molecules, that have large P on the molecular level, have to be oriented. 

There are several ways of achieving this. 

Table 5. Polarizability anisotropy Aa = a\\- aX first hyperpolarizability, dipole moment, 
wavelength of the maximum absorption, and FOM Pfx for several NLO chromophores (see Ref. 

Molecule Aa P (at 690 nm) -J a) 

[10'^ esu] riO-'" esul [Debye] [nm] [lO"*^ esu] 

DRl 100 8.7 490 870 

2,5 DMNPAA 3.9 96 5.34 400 512 

F-DEANST 270 6.8 274 1836 

MX (Figure 6) 612 3420 

Position of the absorption ma.\imum may vary depending on the solvent 

Poling. Since asymmetric NLO chromophores practically always possess a permanent 

dipole moment /A applying external electric field to the material v^dll orient the molecules 

to a certain degree, depending on their ability to move in the polymer [40], This will break 

the inversion symmetry of the medium and induce non-zero x™- The magnitude of the 

macroscopic nonlinearity induced by poling will depend on the degree of chromophore 

orientation, their concentration, and hyperpolarizability of each molecule 
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~ N/3(cos'd), (10) 

where is the concentration of chromophores, and &is the angle between the molecular 

axis of a chromophore and the direction of the applied field [45], To achieve high degree 

of orientation the chromophores must have as much fi"eedom to move inside the polymer 

matrix as possible. As a result, poling is usually performed at temperatures above the 

polymer glass transition temperature. If stable poling symmetry is desired, the polymer 

host with high Tg is chosen, which retains the poling after cooling to room temperature. 

Another approach to achieving stable poling is cross-linking of the polymer after poling, 

which generally yields improved stability. 

0//7er techniques. There are some other techniques of inducing polar symmetry in a 

polymer. For example, Langmuir-Blodgett (LB) processing works with polymer molecules 

that are designed to have hydrophilic and hydrophobic groups which cause the polymer to 

float in a preferred conformation on the water-air surface. In this technique the solution of 

the polymer is deposited on water. After that a solid substrate is dipped into the solution 

and pulled out, depositing a single molecular layer (~ 20 - 30 A thick) [35]. Thicker films 

are built up by dipping the substrate repeatedly. Oriented films can also be grown by self-

assembling of the polymer. In this technique asymmetric chromophores can connect at one 

end to the substrate and to each other, allowing growth of multiple layers in ordered 

fashion [35]. Detailed description of the process is beyond the scope of this work. 



5.4 PR polymers design 

With efficient organic photoconductors and NLO chromophores available as 

products of extensive research in other areas, it appears that a variety of PR composites 

can be readily manufactured and their properties optimized quite rapidly. Indeed, since the 

first observation of PR effect in a polymer in 1991 [3] the performance of PR polymers 

improved dramatically by 1993 [4 and 41], as will also be shown in this dissertation. 

Different approaches to the design of PR polymers are outlined below. 

5.4.1 Guest-host and functlonalized PR polymers 

The survey of the design principles of photoconductive and EO polymers reveals a 

variety of methods suitable for combining these functionalities in a single material (see also 

Ref [6]). For example, molecular doping can be employed to provide all three essential 

functions: pigments, dyes, or molecular complexes for photosensitivity, small charge 

transporting molecules for transport, and chromophores with large nonlinearity for NLO 

properties. Some of the molecules can possibly carry several functions at the same time 

[42]. Polymer host, in turn, can be totally inert, i.e. just serve the purpose of holding the 

functional components ("guests") together in solid solution, or it can carry some 

fijnctionality (Figure 7). For example, the polymer host can be a good charge transporter 

of any type described above, or it can have active pendant groups that have large optical 

nonlinearity. Unless the polymer is fully functionalized with the transporting, sensitizing, 

and NLO groups, it is still classified as a guest-host composite. First years of the research 



53 

O Photosensitivity 

H Optlcai nonlinearity 
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b) Partially functionclized 
c) Fully functionalized 

Figure 7. Design concepts of PR polymers. 

on PR polymers indicated that guest-host systems generally demonstrate higher 

performance than fiilly functionalized systems [43]. It is associated with the fact that 

alignment of the NLO chromophores by the space-charge field can greatly increase the 

achievable depth of modulation of the refi"active index (see Section 10). For that reason, 

this research was focused primarily on the guest-host PR polymeric composites. However, 

fiilly functionalized polymers possess a lot greater environmental stability than guest-host 

systems which is extremely desirable for all applications. Therefore, the work on 

fiinctionalized PR polymers must continue. 

C) 
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5.4.2 Dual-layer devices 

Soon after introduction of the first commercial organic photoconductor employed 

in photocopiers, it was recognized by the xerographic community that single-layer 

photoreceptors face very stringent and often conflicting requirements of high quantum 

efficiency of photogeneration, high charge mobility across the device for both electrons 

and holes, and, also, they must possess good mechanical strength. As a result, a concept of 

a dual-layer photoreceptor device was developed in which the functions of charge 

generation and charge transport are separated into two discrete layers. In such a device, 

illumination generates electron-hole pairs in the charge generation layer (CGL), and after 

that the charges are injected into and transported by the charge transport layer (CTL). It 

allowed using more efficient materials for CGL and better transporters for CTL, also 

improving the mechanical strength of the device. Similarly, it is possible to employ the 

same strategy for PR polymers, when the photosensitivity is provided by a separate CGL 

and necessity of sensitizing the polymer in the bulk is removed. It provides for increased 

flexibility in choosing the best photoreceptor for any required spectral region without 

concerns about compatibility with the polymer host chosen for a particular PR polymer. 

Proof-of-principle demonstration of PR performance of such a device is presented in 

Section 8. 

5.4.3 Choosing ingredients 

Since in case of molecularly doped polymers (MDP) high level of doping (~ 50% 

wt.) is necessary to achieve good transport properties, combining it with sufficiently high 



concentration of NLO chromophores and photosensitive centers becomes problematic. 

Therefore, it is very useful to have a polymer host that is a good charge transporter by 

itself The most studied charge transporting polymer is PVK. Other potential candidates, 

besides carbazole-containing polymers, among those reviewed above are poly(silylenes) 

and conjugated organic polymers. PVK appears to be a good choice to start with since it 

is processable, very strong (without dopants), and, perhaps most importantly, it is 

commercially available and inexpensive. 

Sensitization can be easily achieved by doping the polymer with proper pigment, 

dye, or CT-complex forming compound. In case of PVK the most obvious choice for a 

sensitizer is TNF (and similar molecules). As for NLO chromophores, the list of possible 

candidates can be extremely long. The selection criteria are; 

• high P/j. (and Aa^r for low Tg polymers) values 

• small or no absorption in all or part of region of sensitivity of the photosensitizer 

• high solubility of the chromophore in the polymer host matrix 

• good thermal stability 

• low melting point (liquid, oily, or glassy dyes are even more preferable) 

• low or no toxicity 

• commercial availability and/or ease of preparation 

Azo dyes, generally, seem to be good candidates, particularly because of the simplicity of 

their preparation. For example, DRl can be used in conjunction with PVK-TNF, but it has 

rather high absorption in the entire region of the sensitivity of the PVK-TNF CT-compIex. 



Therefore, for most of the experiments presented in this dissertation a slightly different 

dye, DMNPAA, was employed which had blue shifted absorption maximum and slightly 

higher anisotropy of linear polarizability (Table 5). 

When starting research on PR polymers, PVK doped with TNF and DMNPAA 

appears to be a very reasonable system to begin, since all the component are either 

available commercially or can be easily synthesized, preparation of the mixture does not 

involve any chemical procedures (once the dye is available) and can easily be performed in 

any laboratory without special equipment, all the components are easily processable, PVK-

TNF is a well-studied photoconductor, and DMNPAA has optical properties well-matched 

to the PVK-TNF CT-complex. As will be shown in the following sections, this is, indeed, 

a very good model system, which actually has the best performance among other PR 

polymer composites reported to date. 
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6. MATERIAL PREPARATION 

6.1 Components 

All of the PR composites studied had a photoconducting polymer host. Most of 

the results were obtained with polymers based on the well-known photoconductor poly-

(N-vinylcarbazole) (PVK) which was widely used in earlier models of photocopiers [21]. 

When pure, PVK is a fairly good hole transporter (see previous section) but has no 

photosensitivity in the visible or near infrared. Therefore, photosensitivity was provided by 

doping PVK with a small amount of 2,4,7-trinitro-9-fluorenone (TNF) or 9-

Dicyanomethylene-2,4,7-trinitrofluorenone (DCMTNF) (Table 2). Both compounds form 

charge-transfer (CT) complexes with PVK which is reflected in the changes in the 

absorption spectrum (Section 8.1.1). 

The EO properties were provided by a variety of different dyes. Most of the 

measurements were done on the composites doped with the azo dye 2,5-dimethyl-4-(p-

nitrophenylazo) anisole (DMNPAA, Figure 6). It has no absorption at 675 nm and a little 

absorption at 633 nm. It has good solubility in PVK matrix, moderately low melting point 

(162° C), sufficiently large dipole moment and polarizability anisotropy, and significant 

first hyperpolarizability [44]. Overall, the combination of properties of DMNPAA is very 

favorable for use in PVK-based guest-host PR composites. Besides DMNPAA the 

chromophores used in this research include: Disperse red 1 (DRl), F-DEANST, 

NPADVB, zwitterion dyes, liquid crystal mesogens, and others. 
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Additional plasticizer was added to decrease the glass transition temperature (Tg) 

of the composites close to, or even below, room temperature. N-ethylcarbazole (ECZ) 

was used for that purpose since it does not decrease the photoconductivity of the material. 

Similar to PVK, where carbazole side groups are responsible for transport (see previous 

section), carbazole moieties dispersed in a polymer transport charges fairly well [11]. 

6.2 Procedure 

All the components were dissolved in a common solvent (e.g. chloroform or THF) 

or a mixture of solvents (e.g. chloroform and toluene). Usually the solution was passed 

through a filter, however, unfiltered solutions were used as well. Then the solvent was 

removed in a vacuum oven. Special care needs to be taken to extract most of the solvent 

since it affects the quality of the samples made of this mixture. Typically, mixtures with 

less than 1% of the residual solvent by weight give samples of satisfactory quality. After 

extracting the solvent, the resulting solid was placed onto a glass slide, heated above the 

melting temperature of the dye, at which point the material became viscous, and then 

thoroughly mixed. Without such mixing part of the dye is always phase separated (i.e. not 

dissolved in the polymer matrix), which leads to high scattering and poor PR performance 

in the samples. When the mixture was prepared, small amount of it was placed on a glass 

slide coated with a transparent conducting electrode (indium tin oxide, or ITO). Then, the 

glass slide with the material was heated on a hot plate above the dye melting point. 

Calibrated 105 |am glass beads were placed around it and the second glass slide with 

transparent electrode was pressed on top of it. The glass beads ensured that the glass 



slides were parallel and that the thickness of the film was uniform. The result was a lOS 

Hm thick film of good optical quality. Special care was taken to prevent formation of 

voids inside the material, which would limit the maximum electric field that could be 

applied to the samples. Generally, the samples prepared according to this procedure were 

able to withstand electric field values up to 100 V/jxm. 

When using a polymer host with a glass transition temperature a lot lower than 

that of PVK (e.g. polysiloxanes), a different procedure has to be used to prepare the 

samples with the DMNPAA dye. For example, filling the pre-made 105 |im sells by 

capillary action on a hot plate heated above the melting point of all the components was 

employed successfully for mixtures based on the polysiloxanes fiinctionalized with pendant 

carbazole groups, which served as a photoconducting polymer host. 

Absorption measurements were performed on ~ 0.5 (im thick films spin-cast from 

the chloroform solution of the composite onto glass slides as well as on 105 |im thick 

samples. Four-wave mixing (FWM), two-beam coupling (2BC), and holographic 

experiments were performed on thick films of the composites. 
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7. CHARACTERIZATION TECHNIQUES 

7.1 Linear optical absorption measurements 

Linear optical absorption measurements were performed on a Gary 5 

spectrophotometer. Samples were either thin (< l^m) films of a material spin cast on a 

glass slide or thick (105 |im) films sandwiched between two glass slides coated with ITO -

the same samples as were used for other measurements as well. Spectra were collected 

using unpolarized light. 

7.2 Simple dc ellipsometric measurements 

Second-order nonlinear optical properties in PR polymers are provided by the 

orientation of NLO chromophores. Such orientation also leads to the anisotropy of the 

refi"active index of the composite 

Analyzer [45]. Since orientation is induced 

Sannple 

Polarizer 

sample 
normal 

total birefiingence can be detected 

the contributions of the linear EO 

the material are combined. The 

anisotropy to the birefinngence of 

effect and the field-induced 

in real time by the applied field. 

Figure 8. Schematic of the simple dc ellipsometric 
measurements. 

by simple dc ellipsometric 



measurements. The schematic of such an experiment is shown in Figure 8. When the 

electric field is applied to a sample of a PR polymer it induces birefiingence in the 

material: ««is the extraordinary refi-active index (for the light polarized along the direction 

of the external electric field), and rio is the ordinary refiractive index (for the light polarized 

perpendicular to the external field). When the sample is tilted by the angle ^the 

birefiingence leads to the following retardation (J between s- and p-polarized components 

of the incident light; 

1 cos'w siri^ w (11) 
2— = 5— + i—: ns = no\ 

n;(¥) 

^ 2nd (12) 
S  =  -  ( n  - n j ,  

A COS Ij/ ' 

where d is the thickness of the medium. If the incident light is linearly polarized with 

polarization at an angle 0 fi-om the axis of the sample rotation, then, after passing through 

the analyzing polarizer positioned at an angle with respect to the same axis, the 

photodetector will detect the following intensity of transmitted light: 

= l\cos-(Q -<^)-sinlQsml<^sm-(5l2j\, 

where h is the intensity of the incident light before the sample. For the special case when 

Q = TdA and <I> = -idA (i.e. the incident light is polarized at 45° with respect to the axis of 

sample rotation, and the polarizer and the analyzer are crossed) we have: 

/, =I„sin-(5l2). (14) 

Thus, by measuring the intensity of the light transmitted through the sample positioned 

between two crossed polarizers it is possible to determine the birefringence induced in the 
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material, since its symmetry class is known (C«). It gives a measure of the induced 

alignment of NLO chromophores and, therefore, the amount of the nonlinearity expected 

in PR effect. 

7.3 Four-wave mixing technique 

7.3.1 Objective 

In four-wave mixing (FWM) experiments the actual recording of the refractive 

index gratings is performed and tested, demonstrating the ability of the medium to serve as 

a holographic material. Because of the versatility of the FWM technique it is possible to 

measure the amplitude of the recorded index gratings, polarization properties, and the time 

response of the material. During the experiment we can control the light intensity incident 

on the sample, the modulation depth of the fringe pattern, the fringe spacing, the 

polarization of the writing and reading beams and so on. Dependencies on these 

experimental parameters provide a useful insight into the physical mechanisms of the PR 

response in new multifunctional polymers. 

7.3.2 Experimental setup 

The schematic of the experimental setup is shown in Figure 9. Laser sources used 

were a 633 nm, 4 mW HeNe laser, a 675 nm, 9 mW laser diode (from LaserMax), a 690 

nm 30 mW laser diode (LaserMax), and 830 nm 30 mW laser diode (Sharp). The variable 

beam expander (BE, l-;-10 expansion ratio) provided the control over the beam size and its 

divergence. Beam-splitter BS1 was used to provide the read-out beam, unless a separate 
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laser source was used for that purpose. The output of the laser source was split into two 

parts by the polarizing beam-splitter PBS2 to form the writing beams. The writing beams 

were projected onto the sample by the lens L4. The spot size was variable depending on 

the settings of the BE (typically ~ 200 -e- 500 |im in diameter), and the average power 

density was usually about 1 W/cm^ in FWM experiments (measured at normal incidence). 

The beams interfered inside the sample to create a fringe pattern. The crossing angle of the 

writing beams was controlled by the separation between the beams, which was adjusted by 

the mirrors M4 and M5. The accessible range of crossing angle variation was IT < 2Qcxi < 

40°). The ratio between the intensities of the writing beams (and, therefore, the fringe 

contrast) was adjusted by the half-wave plate RPl and the polarizing beam-splitter PBS2 

without changing the total power of the writing beams. 

The PR index grating recorded in the material was read out by a weak probe beam 

counterpropagating with the writing beam I (Figure 10). Either a beam reflected by the 

BSl or a separate laser source (e.g. 675 nm laser diode) were used for the readout. 

Separate readout laser allowed avoiding coherent interactions between the writing and the 

reading beams. The probe beam was projected onto the sample by the lenses LI and L5. 

The spot size of the probe was controlled by these lenses and was always smaller than that 

of the writing beams to ensure complete diffraction. Power density of the probe beam on 

the sample typically was « 1 mW/cm^. The movable mirror M7 served to adjust the Bragg 

condition of the readout beam during FWM experiments. The transmitted readout beam 

and the diffracted phase-conjugate signal beam were partially transmitted by the 

beamsplitters BS3 and BS2, respectively, and projected onto the photodetectors PD4 and 
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Figure 9. Schematic of tlie laboratory setup used for FWM, 2BC, imaging, and optical correlation. 

PDI. The system also allowed simultaneous measurement of the transmitted writing beam 

intensities with two additional detectors to perform two-beam coupling experiments. 

The electric field was applied perpendicular to the sample surface (i.e. along the z-

axis. Figure 10). In order to have a non-vanishing effective EO coeSicient and a non-zero 

component of the external field along the light intensity grating vector K to enable carrier 

drift, the experiments were performed in a tilted geometry. Increase of the tilt angle \\feM 

leads to a larger achievable index modulation and, consequently, larger diffraction 

efficiency. A tilt angle of \^/exi = 60° was found to be a good practical compromise between 

increasing projection of the external electric field onto the grating wavevector and 

avoiding very oblique incidence of the laser beams onto the sample surface. The refractive 
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index n = 1.75 of our composites 

was measured by ellipsometry at 

633 nm. The angles inside the 

material were calculated from the 

external angles using Snell's law 

(throughout the dissertation all 

angles are defined inside the 

material unless denoted by the 

subscript "ext" for external). The 

tilt angle and the angle between the 

writing beams defined the grating 

and RP2 in the path of the writing 

beams and a polarizer in the path of the reading beam provided the control over the 

polarization. FWM experiments were usually performed with s-polarized (polarization 

perpendicular to the plane of incidence, which is defined by the sample normal and the 

incident beam) writing beams and a p- or s-polarized reading beam. 

The versatility of the experimental setup described above proved to be very 

valuable in studying the performance of new PR polymers. Furthermore, it was possible to 

do all the experiments on applications of PR polymers (e.g. holographic storage, dynamic 

holographic interferometry, and pattern recognition) in the same setup with only minor 

alterations. 

probe 

Figure 10. Geometry of the FWM e.\periments. 

spacing, which was variable between 2 and 8 |im. 

The two retardation (half-wave) plates RP1 
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7.3.3 Data collection 

During the data collection the powers of the diffracted beam, the transmitted probe 

beam, and the transmitted writing beams were monitored by photodetectors. The applied 

electric field was controlled remotely with a computer and data were collected from the 

detectors at the same time. Data acquisition and control over the high voltage power 

supply were performed using Lab VIEW. 

7.3.4 Data analysis 

Efficiency of the light diffraction TJ was calculated using the following formula: 

where, Iji/p- is the intensity if the diffracted signal, and Iprote is the incident intensity of the 

probe before entering the sample. This is the absolute diffi^action efficiency also called the 

input diffraction efficiency (i.e. defined with respect to the input probe intensity). 

Sometimes, the output diffraction efficiency rj* is also used, which defined as: 

where fpnte is the transmitted probe intensity. This quantity is, therefore, corrected for the 

sample absorption. 

The relation between A/? created inside the material and 7 in a transmission 

geometry for sinusoidal slanted lossy dielectric gratings is given by Kogelnik's coupled 

wave model [46]. This model describes diffraction on thick dielectric gratings under the 

following assumptions: 1) boundary conditions are ignored, reducing the problem to the 

(15) 

(16) 
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propagation in an infinite medium, and 2) higher diffraction orders are ignored as well. 

Under these assumptions the solution for the diffraction efficiency on thick slanted 

dielectric gratings is as follows: 

where n is the bulk refractive index, d is the sample thickness, AE„ is the change in the 

tensor of dielectric permeability at the operating wavelength, e, and are the unit 

vectors in the direction of polarization of the probe and diffracted wave, respectively, X is 

the wavelength, and a is the absorption coefficient; 0and (p are specified in Fig 10. The 

symbol" ; " in Eq. (19) represents the tensor product, and the subscript "K" means that 

the product represents only the amplitude of the grating at the spatial frequency K. This 

product replaces the usual scalar product e, used in Kogelnik's theory for an isotropic 

medium. The tensor product has to be used due to the fact that the two light waves 

interact via the polarization waves they induce in the medium, which in the case of 

anisotropic medium have, generally, different polarizations than that of the light waves. 

The properties of the medium, such as its symmetry class and its Tg in the case of poled 

polymers, as well as the external parameters, such as the relative orientation of the 

(17) 

V 
Tidtji 

(19) 

In 
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Figure 11. Illustration of energy exchange between two beams occurring in FWM. However, it 
during tlie diffraction on sliifled grating. 

approximation, acceptable for most cases (see fitting of the experimental data in following 

sections). Therefore, for the sake of simplicity, we chose to use it for the interpretation of 

the experimental data. Also, to minimize the influence of the dynamic effects, the writing 

waves in FWM experiments were kept s-polarized. This is due to the reduced coupling 

between the writing beams for's' polarization, as will be shown in the next section, which 

leads to smaller grating distortions. 

7.4 Two-beam coupling measurements 

As mentioned in the introduction, the nonlocal origin of the PR effect manifests 

itself in a phase shift between the recorded index grating and the light fringe pattern that 

created it, enabling two-beam coupling (2BC). The origin of the energy exchange in 2BC 

provides a convenient 
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can be described qualitatively as follows. Let us consider two coherent light beams that 

are incident on a square-wave refractive index grating which has the same period as the 

fringe pattern created by the two coherent beams but is shifted by a quarter period (Figure 

11). Upon the incidence, the two beams will be partially reflected by the index step of the 

grating. If /?/ < beam 1 will acquire phase shift of n after the reflection, whereas beam 2 

will retain its original phase. As a result, after transmission through the step grating beam 

1 will be enhanced due to the constructive interference with the reflected beam 2, and 

beam 2, in turn, will be suppressed via the destructive interference. The net result is 

exchange of energy between the two beams. As follows from this qualitative picture, 

phase shift is the necessary element of the 2BC. Therefore, observation of energy transfer 

is usually considered a proof of the PR nature of the recorded gratings, since it is 

practically the only nonlocal mechanism of refractive index modulation by light. The 

powers of the transmitted writing beams (for both s- and p-polarizations) were monitored 

as a fiinction of the applied field to evaluate the 2BC constant P. General expression for T 

can be obtained from the Kukhtarev's theory of dynamic self-diffraction in a 

photorefractive medium (presented later in this dissertation) and is given by: 

Td = cosa^ ln[I[ (U_ ^0)/1 J- cosa^ ln[ I[ (I^ ^0)/J, (20) 

where d is the sample thickness; //, I2 and //', I2 are the incident and transmitted intensities 

of the writing beams I and 2, and ai, 0L2 are defined in Figure 10. For small angles 9 

between the beams the following approximation was also used previously [4,47, 48]; 
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d U + l-aJ 

where b = Uh , a = //(/^ ^ 0)11 iXh = 0). 

7.4.1 Energy transfer 

The sign off depends on the direction of the phase shift of the index grating with 

respect to the fringe pattern and the sign of An (Figure 11), which, in turn, are determined 

by the polarity of the electric field and the sign of the nonlinearity inducing the index 

modulation. Although determination of the absolute sign of the index change An is not 

possible from the 2BC data alone, it is possible to determine the relative sign of An for 

two different polarizations ('s' and 'p'). 

7.4.2 Relative phase change 

Phase shift of the index grating leads to the energy exchange between the writing 

beams upon propagation. Similarly, the two beams also "exchange" phase, i.e. their 

relative phase is changing as they diffract on the grating they record for themselves in the 

material. Such a phase exchange leads to bending of the fnnges and can be detected by 

letting the two transmitted beams interfere and monitoring the phase shift of the fnnge 

pattern as a function of the applied field. 
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8.1 Steady state 

8.1.1 Linear absorption 

The absorption spectrum of a DMNPAA:PVK:ECZ:TNF composite is shown in 

Figure 1. The main feature is a peak at 400 nm, originating from the absorption of the EO 

chromophore DMNPAA. The spike at 340 nm results from absorption of the carbazole 

units in PVK and ECZ. At 675 nm and 633 nm the absorption coefficient of that sample 

was 8 cm"' and 22 cm"', respectively, measured in 105 |im thick sample without applied 
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Figure 12. The absorption spectrum of a DMNP AA:PVK:ECZ;TNF polymer composite measured in 
tliin spin -cast film. The inset shows the absorption of a 105 |im thick sample sandwiched between 
two ITO glass slides. 
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Figure 13. Absorption spectra of tlie PVK-TNF and PVK-DCMTNF films. 

field. At these wavelengths most of the absorption originates fi^om the carbazole/TNF CT-

complexes, whereas the contributions fi"om either one of the individual components is 

negligible. 

The absorption of the PVK/TNF and PVK/DCMTNF CT-complexes is shown in 

Figure 2. These spectra were obtained on films of PVK/sensitizer mixtures prepared by 

placing a drop of solution of the components on a glass slide and drying it off. As we can 

see, PVK/TNF CT-complex absorbs (and also has its best sensitivity) between 450 and 

600 nm, however, it is not practical to work in that region because of the strong 

absorption of the DMNPAA dye (or most of the NLO chromophores, for that matter). 

PVK/DCMTNF CT-compIex, on the other hand, has more flat absorption throughout the 

visible region that extends flirther in the near infrared (NIR). It makes it suitable for 
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Figure 14. Absorption spectra of tlie fulierenes in toluene solution, in PVK, and in a 
DMNPAA:PVK:ECZ mi-vture. 

applications employing efficient and inexpensive GaAs/AlGaAs laser diodes available in 

this region. DCMTNF, therefore, is a preferable sensitizer for most of the cases. 

Unfortunately, the solubility of DCMTNF in solvents compatible with PVK is a lot worse 

than that of the TNF, which complicates sample preparation. As a result, TNF was used 

more extensively in this research. 

Figure 3 shows the absorption spectrum of fulierenes (Ceo and C70) in toluene 

solution, in PVK, and in a DMNPAA:PVK;ECZ:fullerenes sample. While there is almost 

no change in absorption between the toluene and the PVK environment, there is a 

pronounced absorption change around 680 nm when fulierenes are placed in a DMNPAA 
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Figure 15. Absorption spectra of vacuum deposited tliin films of TiO and Cu phtlialocyanines. 

sample. At this time it is not clear if the change is due to a molecular complex formation 

between the DMNPAA and flillerenes or some other factors. It has been shown that 

fiillerenes can serve as a rather efficient sensitizer for PVK-based PR polymers [25], Their 

use in PR composites has been successfully demonstrated in [49] and [50] in later sections 

of this dissertation. 

Figure 4 shows the absorption of vacuum deposited thin films of different 

phthalocyanines on a glass substrate. These films were used for dual-layer devices as a 

replacement for the sensitizer dopant. 
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8.1.2 Electric field-induced birefringence 

Figure 16 shows the results of the dc ellipsometric experiment. The curves shown 

are the intensity of the light transmitted through a sample of DMNPAA:PVK;ECZ:TNF 

(50:39:10:1 % wt.) as a function of the applied field. In one case the sample was placed 

between two crossed polarizers (squares), and in the other - between parallel polarizers 

(circles, see section 7). The data were taken using 633 nm HeNe laser. Both curves were 

normalized with the electric field-dependent absorption of the sample. As we can see, at 

approximately 60 V/|im applied field the sample acts as a 7J2 retardation plate which 

corresponds to the field-induced refi^active index changes of- 1.5-10*^ at this field 

strength. Fitting of the obtained data shows that An ~ E' '*\ which is not quite the same as 

An ~E^ dependence predicted by the oriented gas model [45]. This might indicate that the 

oriented gas model is not completely adequate for the description of the chromophore 

alignment when in a solid matrix, and that the potential energy of the chromophore 

molecules in the polymer environment needs to be included in the description, as well as 

the dipole-dipole interactions between the chromophores themselves. 

8.1.3 PR grating characterization 

A set of results presented in this section were obtained in 

DMNPAA;PVK:ECZ:TNF composites with concentration of chromophore either 40% 

wt. or 50% wt. The results provide an outline of typical performance characteristics of the 

amorphous PR polymers and vary only slightly in different composites. 
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Figure 16. Transmission tlirough crossed (squares) and parallel (circles) polarizers in do 
ellipsometric measurements as a function of the applied field. Tlie dotted line shows tlie results of 
fitting e.xperimental data. 

8.1.3.1 Diffraction efficiency and asymmetric energy exchange 

Figure 17 shows the asymmetric energy transfer between the +0 and -0 beams (or 

two-beam coupling, 2BC) as a function of applied field for s-polarized beams. As can be 

observed, one of the beams is gaining power with the increasing electric field, and the 

other one is loosing power. Total power of the beams remains approximately constant, 

which means that the process is an energy exchange between the two waves. The direction 

of the energy transfer changes with the polarity of the applied field, and the "donor" beam 

starts gaining energy instead (not showm). The inset shows the absolute value of the 
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starts gaining energy instead (not shown). The inset shows the absolute value of the 

corresponding 2BC gain constant times sample thickness, as calculated using Eq. (20). 

Figure 18 shows a dependence of the diflfraction efficiency, probe transmission, 

and the sum of both on the applied field for "p" polarization. Diffraction efficiency 

increases with the electric field and reaches a maximum of 86% at £ = 61 V/|im, and the 

light is completely diffiracted. Further increase of the field leads to periodic energy transfer 

between the diffracted and the transmitted beam; at £ = 81 V/|im, all light is again 

directed into the original probe wave. The sum of diffiacted and transmitted signals 
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Figure 17. Asymmetric energy excliange between two writing beams in dynamic self-
diffraction as a function of the applied field. Tlie inset shows corresponding coupling 
constant F. Beams were s-polarized, X = 633 nm, A = 7 nm. 
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Figure 18. Results of a degenerate FWM e.\periment. Writing: 675 tun, I W/cm% s-
polarized, A = 3.1 nm, beam intensity ration b = 1.3. Reading; 675 nm, 0.35 mW/cm% p-
polarized. Diffraction efilciency as a flmction of the applied field (squares) and the 
transmission of tlie sample in the presence (circles) and in tlie absence (triangles), 
respectively, of the writing beams. The dashed line is tlie siun of diffracted and transmitted 
intensity in the presence of the writing beams, indication that the maximum achievable 
diffraction efficiency is limited by absorption and reflection losses (~ 12%). The solid lines 
are guides to the eye. 

gradually decreases as the external field increases (Aa = 5 cm"' at 90 V/|j.m). This is due to 

electric-field-induced absorption in the sample [51] as was verified by an independent 

transmission measurement in the absence of the writing beams. The maximum diffraction 

efficiency, therefore, is limited by the sample absorption. 

To analyze the diffraction efficiency data with Kogelnik's coupled-wave model of 

diffiaction in thick holograms (Eq. (17), p. 67), the data were normalized by the field-

dependent absorption data. The normalized diffiaction efficiencies rf = 77/(7 + T) are 

shown in Figure 19 for both s- and p-polarized probe. The solid lines show the fit 
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Figure 19. Normalized diflraction efliciency for s- and p-polarized probe as a function of field. 
Solid lines show fit with Kogeinik's tlieory. 

according to Kogeinik's model. As it can be observed, the coupled waves model gives 

adequate descript ion of  the diffract ion processes in PR polymers in the field range 10-90 

V/|im. 

8.1.3.2 Amplitude of index modulation and 2BC gain constant 

Figure 20 shows the 2BC coupling constant F for s- and p-polarized beams and the 

absorption coefficient as a function of the applied field. The F values presented in Figure 

20 were obtained using the approximate formula Eq. (22). For both polarizations, the 

absolute value increases with the applied field. However, it is much larger for p-polarized 

than for s-polarized light (Fp = 220 cm'\ F, = -40 cm'^ at Eo = 90 V/|im), which is a 

consequence of the symmetry induced by poling and the tilted geometry. Note, that the 
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Figure 20. Two-beam coupling e.\periment at A. = 675 nin, 1 W/cm^, A = 3.1 urn. Field 
dependence of the gain constants Fp and F, for s-polarized (circles) and p-polarized 
(squares) beams. The solid lines are guides for the eye. The dashed line shows the 
dependence of tlie absorption coefficient on tlie appUed field. 

coupling constants for the two polarizations have opposite signs, i.e. the beam that gains 

energy using p-polarized light looses it when the beams are s-polarized, while the polarity 

of the external electric field remains the same. The anisotropy relationships for the 

recorded index gratings are discussed later. 

Figure 21 shows the amplitude of the effective photoinduced index modulation A/ip 

in composite DMNPAA:PVK;ECZ:TNF in proportion 50:33; 16:1 as a function of the 

applied field. These index changes were deduced from measurements of the diffraction 

efficiency in FWM experiments using Kogelnik's coupled-wave model [46], The inset 

shows the double logarithmic plot of A«p and A/?, as a function of field. Straight lines on 

100 
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Figure 21. Amplitude of tlie efifective refractive index modulation An as deduced from FWM 
experiments as a function of the applied electric field. 

the log-log plot point out to the power law dependence of the induced index modulations 

on the field: 

Art '•p 
(21) 

with S= 2.175 (±0.025), Ap = 3.9 (±0.1) xlO'^ and^ = 1.08 (±0.03) xlO"'. The ratio 

|Artp/Arti| = 3.61 is nearly independent of the applied field, proving that the nature of the 

gratings sensed by the two polarizations is identical over the entire field range 

investigated. 
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Figure 22. DifTraclion efficiency for's' polarization at 633 nm as a function of field in 
NPADVB-doped composite. 

As shown in Figure 10, the achievable index modulation amplitude increases with 

applied field and reaches the value of Anp = 7x10'^ at Eo = 90 V/^tm. Complete diffraction 

occurs at an index modulation of Awp = 2.6x10"^ in the 105 |im thick polymer film. 

Refractive index gratings formed via the photoisomerization of the azo dye are 

usually observed when recording is performed at a wavelength where the azo dye has non-

negligible absorption. Figure 11 shows the diffraction efficiency for's' polarization as 

measured at 633 nm. Substantial diffraction efficiency at zero field is most likely due to the 

photoisomerization-assisted gratings formed due to the small absorption of the azo dye. 

This type of gratings was also observed in samples containing no sensitizer, and, therefore, 
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is not related to the photoconductivity of the composites. Also, these gratings are not 

observed at 675 nm where DMNPAA and NPADVB azo dyes have no absorption, 

confirming the conclusion that the observed dififraction at zero field is due to the formation 

of photoisomerization-assisted refi-active index gratings. When studying PR effect in 

polymers photoisomerization gratings are usually avoided. 

8.1.3.3 Modulation depth dependence 

Figure 12 shows the dependence of the induced index change bjip deduced fi"om 

the FWM experiments on the modulation depth of the light fnnge pattern 

m = 2(IiIi)'^/(Ii + It), where // and h are the incident intensities of the writing beams 1 

and 2, respectively. During this experiment the total intensity of the writing beams on the 
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Figure 23. Amplitude of the efTcctive refractive inde.\ modulation as deduced from FWM 
experiments as a function of the modulation deptli m of tlie light fringe pattern. 



sample was kept constant. As shown in Figure 12, increases linearly with m practically 

in the entire range of the m variation. 
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Figure 24. Amplitude of the effective refractive inde.x modulation as a function of the total intensity of 
the writing beams. The electric field was 80 V/nm. The inset shows the calculated dependence of the 
space charge electric field on tlie light intensity according to the model described in the te.\t. The space 
charge field is normalized to tlie projection of tlie dc e.\lemal electric field on to the light intensity 
grating. 

8.1.3.4 Power dependence 

To evaluate the sensitivity and provide information about the mechanism of 

response of the PR polymers, A/i was studied as a function of the total incident light 

intensity lo = (// = h-, Figure 10). With increasing intensity, bjtip increases 

significantly and seems to saturate for /o > 0.8 W/cm^ when excited with 633 nm HeNe 

laser. The inset of Figure 13 shows the results of model calculations described in the next 

section. Figure 25 provides a comparison of the power dependence of the 2BC gain 

Intensity 

Power density (W/cm2) 
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constant F and the amplitude of the induced index changes ̂  for p-polarized light. Since 

the two show the opposite dependence on the intensity of the writing beams it can be 

concluded that the phase shift of the photorefractive grating depends strongly on the 

writing intensity. 

k = 633 nm 

A = 3 um 

0.01 

Power density (W/crti^) 

1.00 

Figure 25. Dependence of tlie amplitude of the refractive index modulation and 2BC gain constant 
on the intensity of the writing beams. 

8.1.3.5 Grating spacing dependence 

Figure 26 shows the dependence of the induced index change Anp and the 2BC 

gain constant F, on the grating spacing A. These, too, show the opposite trends, and while 



86 

12 
• X = 633 nm 

I = 1 W/cm2 
0.8 

10- •  
0.7 

• 

0.6"-
o. 

0.5 
o 

4 0.4 
2 3 4 5 6 
Grating Spacing A (fim) 

Figure 26. Dependence of tlie amplitude of the refracuve index modulation and 2BC gain constant 
on the grating spacing. 

An increases with the increase of A, the gain constant T decreases. It means that the phase 

shift of the PR grating decreases with increasing A. 

8.1.4 Compositional variations of PR polymers 

In a multifunctional composite material such as PR polymers studied here, different 

physical functions are provided by different molecules and, therefore, can be varied 

widely. Below the results of some of such variations are presented. Varied components 

include NLO chromophores, sensitizers, and photoconducting polymer hosts. Also dual 

layer devices with separated functional layers have been manufactured and studied. 
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Figure 27. Diffraction efficiency as a fiinction of applied field in DMNPAA:PVK:ECZ:TNF 
samples witli different loading of the DMNPAA dye. 

8.1.4.1 NLO chromophores 

Figure 16 presents the dependence of diffraction efficiencies of the composites 

doped with different concentrations of the DMNPAA dye; 50%, 40%, and 25% wt. The 

results, in general, confirm the general tendency that the efficiency of the PR composites 

(i.e. A/2 vs. £) is increased with the concentration of NLO chromophores in the polymer. 

It has to be noted, however, that properties of the samples vary slightly due to preparation 

and aging. 

Figure 28 shows the results of FWM experiments in samples with different 

chromophores. When trying different chromophores, it was observed that the variance in 
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Figure 28. Diffraction efficiency as a function of field for PVK;ECZ:TNF samples with 

their performance can be traced to 1) different microscopic characteristics of the 

chromophore molecules (such as hyperpolarizability P and anisotropy of linear 

polarizability along the and perpendicular to the molecular axis Aa s a/ - Uj) and 2) 

difference in interaction between the chromophore and the polymer matrix. 

8.1.4.2 Sensitizers 

Figure 29 shows diffraction efficiency as a function of the applied field for 

composites containing different sensitizing agents: TNF, DCMTNF, and fullerenes. 

Composites doped with TNF and fijllerenes shows similar steady state performance. As 

for the DCMTNF-doped samples (DMNPAA:PVK:ECZ;DCMTNF in 40:39:12:1% wt.), 

the following comments can be made; 
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Figure 29. DifTraction efficiency as a function of applied field in DMNPAA:PVK:ECZ samples 
doped with different sensitizers. 

• At 830 nm, the photogeneration quantum yield of the PVK-DCMTNF CT-complex is 

significantly reduced as compared with 633 nm (see discussion in Section 5.1). 

• Measurements at 633 nm in this composite show its good performance, as far as 

output diffraction efficiency 77* (corrected for the sample absorption) is concerned, but 

its absorption is too high for practical use (> 90% of light is absorbed). Lower 

concentrations of DCMTNF would be adequate for 633 nm, but primary purpose of 

this sensitizer was to extend the sensitivity of the PR polymers into the NIR. 
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• When the measurements are carried out at 830 nm, the nonlinearity of the 

chromophores is reduced by a factor of ~ 1.5, according to the dispersion 

relationships [52], 

Taking into account these arguments, the differences in steady state performance at 633 

nm and 830 nm are expectable. 

8.1.4.3 Dual-layer devices 

Figure 19 shows the results of experiments with dual-layer devices in which 
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Figure 30. Diffraction efilciency as a function of applied field in DMNPAA:PVK:ECZ samples having 
no sensitizer deposited on top of a tliin film of TiO phtliaIoc>'anine wliich served as a photosensitive 
layer. 
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photocarriers were generated in a separate layer of TiOrPc and then injected into the 

PVK-based PR polymer containing no sensitizer. Although PVK is mostly a hole 

conductor, no difiference in performance with respect to the polarity of the applied field 

was observed. The response time in these materials (> 10 s) was significantly slower than 

in TNF-doped composites. Additional studies are required to understand the processes 

leading to PR grating formation in Pc-layer devices. At this stage the only conclusion that 

can be made is that the construction of such dual-layer PR devices is possible. 

8.2 Dynamics 

8.2.1 Transient four-wave mixing 

Dynamics of the PR grating build-up and erasure was studied in transient FWM 

experiments. In these experiments the diffraction efficiency was measured as a function of 

time when: I) one writing beam was switched on, while the other and the electric field 

remained 'on' all the time, 2) both writing beams were switched, or 3) the electric field was 

switched on. These three different ways to look at the grating build-up lead to different 

dynamics (Figure 31). Time traces were recorded with a digital oscilloscope. 

8.2.2 PR grating build-up and erasure 

Figure 32a shows the temporal evolution of the diffraction efficiency in FWM after 

the second writing beam is switched 'on', while the electric field and the other writing 

beam have been 'on' for a time much longer than the grating formation time. A multiple-

exponential fit reveals several time constants in the grating build-up process, ranging fi-om 
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about 50 ms to minutes. Although different physical processes contributing to the grating 

build-up, such as carrier photogeneration, migration, and the reorientation of the 

chromophores by the internal space-charge field, would probably lead to different rise 

times in the overall grating build-up process, no conclusions can be made at this point 

which rise time is attributable to which process. The reason for this is that even "simple" 

phenomena contributing to PR effect in polymers, such as photoconductive response and 

chromophore orientation, show rather complex transient response (chromophore 

orientation, for instance, is described by a rotational diffusion equation and, therefore, 

does not exhibit simple exponential relaxation dynamics). As a result, attempted analysis 

of the obtained transient PR grating build-up curves by multiple exponential fit can be 

regarded only as approximate. 

The apparent response time of the grating can be defined as the time necessary for 

it to grow fi-om 10% to 90% of its final value. Defined in this way, the response time of 

the grating is « 1.5 s. As for the multiple exponential analysis, the exponential factor with 

a rise time x » 0.5 s has the largest weight in the build-up process. 

Figure 32b shows the normalized grating amplitude as a fiinction of time, 

measured with one of the writing beams being switched, for different grating spacings. 

Grating amplitude was extracted from the diffraction efficiency curve (like the one in 

Figure 32a) using the Kogelnik's coupled waves model. As can be observed, the apparent 

response time of the material decreases with increased grating spacing. Double 

exponential fit (attempted amid the comments expressed above) reveals, however, that this 

is mostly due to different weight of the same two exponents with the same rise times. It is 
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noted, that the absolute value of the final grating amplitude depends on the varied 

parameter (grating spacing A in this case), as described by the steady state results 

presented earlier. 

Figure 32c shows time traces of the PR grating build-up for different writing 
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Figure 31. Time traces showing tlie dynamics of tlie PR grating build-up recorded after 1) one 
writing beam was switched on; 2) both writing beams were switched on; 3) electric field was 
switched on. 

intensities, obtained as described above. Surprisingly, apparent rise time of the grating for 

writing intensities varied within two orders of magnitude is very much the same. It must 

be noted, however, that for irradiance levels sufficiently smaller than ImW/cm^ the 

response time of the material starts to increase with decreased writing power. 
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Figure 32. Time traces of PR grating build-up: a) Temporal dependence of the diffraction efficiency 
measured in a FWM e.\periment after switching on one of tlie writing beams. Tlie e.\temal electric field, 
the other writing beam, and the probe beam remained on all the time. The total intensity of the beams 
was /o = 1 W/cm^ tlie modulation depth was m = 0.5, and the electric field was EQ = 70 V/|j.m; b) 
Temporal dependence of the normalized amplitude of the refractive inde.\ grating for different grating 
spacings; c) same, for different writing intensity; d) same, for different applied field. 

Figure 2 Id siiows build-up traces for different values of the applied field. Once 

again, the difference between the response time of the material at 90 V/|im and other two 

field values is mostly due to the different weight of the exponents having almost identical 

rise times in the overall process of the grating build-up. Close similarity between traces for 

22.5 and 45 V/|im field values and pronounced difference of those two and the 90 V/|im 

trace suggest that the influence of the electric field on the grating build-up has some kind 

of a threshold which is greater than 40 V/^im. 
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Figure 33. Dynamics of tlie PR grating erasure. Only the readout (probe) beam remained 'on', 
as well as tlie applied field, a) The dynamics of tlie erasure for different probe power, b) 
Erasing by a continuos probe and by an interrupted probe. Interruption sequence was 
appro.ximately as follows: open for O.i s, closed for 1 s. Solid curve shows tlie grating erasure 
after remaining in the dark (all beams 'off, room lights 'on', field 'on') for 'A hour. 

Figure 22 (top) shows the dynaniics of the PR grating erasure by the probe beam 

in the absence of both writing beams for different probe power. Rather fast erasure of the 

grating by the probe means that the readout is destructive. Notice, however, that there is 

always a residual long-living component of the grating that is about the same for all probe 

intensities. Erasure is faster for stronger probe. Multiple exponential fit reveals that: 1) the 

difference in apparent erasure time for different probe power is due to different weight of 
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Figure 34. Induced birefringence in a sample of DMNPAA:PVK:ECZ:TNF as recorded in 
ellipsometric measurements after the field was switched on. 

the same exponentials in the overall grating decay; 2) the fastest decay constant (tl = 0.6 

s) shows dependence on the probe power, whereas the other two (t2 = 5 s and t3 = 56 s) 

do not. 

Figure 22 (bottom) demonstrates the erasure dynamics induced by a chopped 

probe beam as compared with a probe beam that stays 'on' all the time. Grating lifetime is 

increased when the probe is chopped, as expected, due to the decreased photon flux 

incident on the sample. The third trace shows the erasure of the grating by a continuous 

(not chopped) probe after staying in the dark (all laser beams were off, but room lights 

were on; electric field remained 'on' as well) for '/a hour. All the laser beams were switched 
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off. The dynamics of the erasure did not change after staying in the dark. However, the 

grating decayed during that time, so that diffraction eflBciency dropped to 1/3 of its 

original value. 

8.2.3 Chromophore orientation 

Figure 23 shows a time dependence of the light intensity recorded in simple dc 

ellipsometric measurements as described in Section 7.2. It shows at least 3 different time 

constants tl = 1.6 s, t2 = 182 s, and t3 = 11 s (one of the time constants might be 

attributable to the RC constant of the electric circuit). As we see, even only one of the 

processes contributing to the PR response of the polymers has rather complex structure, 

when multiple exponential analysis is attempted. It is, therefore, rather challenging to 

describe the dynamics of PR grating formation in polymers in its entirety. 

8.2.4 Discussion 

One of the most surprising results of the studies of the dynamics of refractive index 

gratings formation in PR polymers is that the rise time is essentially independent of the 

intensity of the recording beams when excited at > 10 mW/cm^. It is not usually observed 

in inorganic PR crystals. It can be explained, however, by the fact that major contribution 

to the refractive index modulation is due to reorientation of NLO chromophores by the 

space charge field - the process which may not be a fiinction of the light intensity. Further 

reduction of the writing intensity, however, eventually slows down the recording process, 

as it takes longer to generate sufficient concentration of carriers to form a grating. 
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Dependence of the rise time on the grating spacing is also somewhat unexpected 

since the rise time appears to be shorter for longer grating spacings. One might expect that 

for longer grating spacings it takes longer time for carriers to migrate which should result 

in longer recording times. However, if carrier migration is not a limiting factor then 

different parameters will determine the rise time. For example, as the steady state grating 

spacing dependence experiments show, amplitude of PR grating is increasing with 

increasing grating period, while its phase shift is decreasing. This means that 1) space 

charge field is stronger for longer grating periods, and 2) charges might migrate shorter 

distances (although it is by no means the only explanation of smaller phase shift). As a 

consequence, migration requires shorter time, and stronger space charge field leads to 

faster reorientation of chromophores. 

It has to be noted, however, that even though time-resolved PR grating formation 

carries a wealth of information about the microscopic mechanisms leading to PR effect in 

polymers, it seems very difficult to extract this information unambiguously. There are 

different impediments to the analysis: 

1. Many parameters, which are difficult to evaluate by other independent methods, are 

involved in the kinetics. 

2. These parameters vary from sample to sample and are sensitive to environmental 

factors. 

3. The effects of several relaxation mechanisms are combined in the apparent time 

constant. 
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4. Relaxation curves may even not be of the multiple exponential type, depending on the 

underlying mechanism (e.g. diffusion and quadratic recombination). 

5. Dispersive transport in polymers, as well as chromophore alignment by the external 

electric field, is quite difficult to model just by itself. 

6. The transient curve is influenced by the electrical contact properties (e.g. via the 

carrier injection, creation of space charges near the contacts, etc.). 

As a result, attempted analysis of the obtained transient PR grating build-up curves by 

multiple exponential fit can be regarded only as approximate. While it is possible to draw 

qualitative conclusions fi-om these results and they definitely provide some usefiil insights 

into the microscopic mechanisms of the PR response in polymers, it is not appropriate to 

try to make far reaching assumptions about the dynamics of carrier photogeneration, 

recombination, and migration, existence and nature of traps, and so on, based only on the 

results of transient grating build-up and erasure measurements. 

8.3 Non-Bragg orders 

This section describes the results of the experiments with higher diffraction orders 

observed during the dynamic self-diffraction of writing beams on thick index gratings 

recorded in a PR polymer [53]. Since these higher orders were observed in Bragg regime 

of diffraction they are called non-Bragg orders in this manuscript. 

8.3.1 Conditions 

For relatively thin, compared with inorganic crystals, samples of PR polymers, and 

when the grating spacing is increased somewhat, it is usually very easy to observe first 
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higher diflfraction orders in 2BC 

experiments. The experiments on 

higher diflfraction orders were 

performed with crossing angle 19= 

2.94° between the writing beams, 

which corresponds to fringes with 

period of 7 |im. The laser source 

was a HeNe laser (633 nm, 4 mW). 

^ The beams were s-polarized and 
Figure 35. Geometry of the dynamic self-aifTraction 
e.\periments showing the two writing beams (+0 and -0) and . . . . 
the two first non-Bragg orders (+l and - I). K is tlie grating their diameter at the intersection 
vector. 

was 450 |im measured in air at 

normal incidence. The powers of the transmitted writings beams (marked +0 and -0 in 

Figure 23) were monitored by photodiodes, as well as the powers of the two first-order 

non-Bragg diffracted beams (+1 and -1 in Figure 23). 

8.3.2 Experimental results 

The angles of diffraction for the non-Bragg orders +1 and -1 were measured to be 

= 11.6° +0.5° and = -17.7° ±0.5° in air with respect to the bisector of the two 

writing beams (for the writing beams = 4.48° in air). The angles and 

can be calculated using the momentum conservation vector diagram (Figure 24) and 

the refractive index of the polymer n= 1.75 (measured by ellipsometry); 
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tanB^^ ^Ztand^ Q ,  

n • sin( y/ + ê J = sin( y/"" +9 )̂, 

(22) 

(23) 

n • sin(  ̂+ 6|j., j = sin( +0^ ). (24) 

The above equations yield: 6^+/ = 11.9° and = -18.1°. The calculated values are 

within the error margins from the observed ones. It is instructive to recognize that, 

conversely, the refractive index can be calculated from the non-apparent set of equations 

(2) - (4). In our case it yields n= 1.7 dbO. 1 . If a set of values {0^±i} is obtained 

experimentally for a corresponding set of crossing angles, then the refractive index can be 

determined via curve fitting with 

AAT; 
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much greater accuracy, providing a 

quick and easy way to measure it 

for any new PR composite. 

Figure 25 shows the 

dependence of the diffraction 

efficiency for the +1 and -1 non-

Bragg orders {t]±i =I±il[h(iz = 0) 

+ I-dz = 0)7) on the externally 

applied electric field for both field 

polarities (the sign convention for 
Figure 36. Ewald sphere showing the zero- and first-
order diffraction processes on tlie grating created by the . „ . 
'±0' beams (wth grating wavevector K). Dashed lines external electnc field is 
show the weaker gratings formed via the interference 
between the '±1' and 'dtO' beams. These gratings were 
ignored in the theoretical calculations. 

explained in Figure 23). The 
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diflfraction efiRciency rjn is growing with the magnitude of the applied field, however 7+/ ^ 

Tj.i. It is distinctively asymmetric with respect to the polarity of the field. It can be 

approximated fi^om these results that Tj+i(+E()) « t].i(-Eq} and vice versa. A small 

difference between tj+i(+Eq) and tj.i(-Eq) is due to the asymmetry associated with the 

sample tilt. The polarization of the ±1 beams was found to be the same as of the ±0 beams 

(i.e. 's' in this case). The inset of Figure 25 shows an example of theoretical calculations 
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Figure 37. Diffraction efficiency into the '+1' (filled circles) and '-1' (hollow triangles) non-
Bragg orders as a fiinction of tlie applied field. The field polarity convention is illustrated in 
Figure 23. Tlie inset shows the calculated diffraction efficiency for tlie '±1' orders according 
to Eqn. Error! Reference source not found, in the te.\t. 

based on the model described below. 

For 'p'-polarized ±0 beams the diffraction into the ±1 orders has similar features 

(i.e. it is asymmetric with respect to the field polarity and occurs without change in 
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polarization), except that the dififraction eflBciency in this case is larger and reaches 10% 

value at E >90 V/|im. 

The ±2 diffraction orders can also be observed under certain conditions (very small 

intersection angles). However, they are much weaker than the ±1 orders and, therefore, 

were ignored in the analysis. 

8.4 Time-resolved femtosecond pump-and-probe measurements 

Time-resolved femtosecond pump-and-probe experiments were undertaken to 

study the dynamics of the photo-generation and recombination of charged species in PR 

polymers. Without going into many details which are well beyond the scope of this 

dissertation, the technique consists in the following. Strong femtosecond pulse excites the 

medium at a wavelength absorbed by the photosensitive centers (TNF-PVK CT-

complexes). A broadband probe pulse, delayed with respect to the pump, is then probing 

the absorption changes induced in the sample. The laser source for these experiments was 

a colliding pulse mode-locked (CPM) dye laser pumped with argon ion laser. The 

oscillator produces 80 fs pulses at 620 nm with the repetition rate of 82 MHz. The pulses 

are then amplified and a light continuum is generated in an ethylene-glycol jet. A pump 

pulse at a desired wavelength is then selected from the continuum and amplified in second 

amplifier stage. The continuum pulse serves as a probe. In the experiments undertaken for 

this research project the pump pulse wavelength was 580 nm, the average pump power 

was reduced until no sample damage occurred. Repetition rate was 1 kHz. 
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Figure 38. Transient differential transmission spectra of PVK:ECZ:TNF. E.\citation at 580 nm. 

A series of spectra is collected for the probe transmitted through the unexcited 

sample of a PR polymer which are averaged and then subtracted from the averaged 

spectmm of the probe passed through the excited sample. The resulting difference in 

transmission (differential transmission) is then plotted as a fiinction of wavelength. By 

delaying the probe pulse with respect to the pump, it is possible to observe relaxation 

dynamics of the photo-generated excited state species, as well as obtain information about 

the excited state absorption. 

8.4.1 Transient absorption in PVKiTNF films 

Figure 27 shows the transient differential transmission spectra of the 

PVK:ECZ;TNF mixture as measured in femtosecond pump-and-probe experiments. These 
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spectra show that initially excited species decay with a time constant of about 600 ps and 

that these species have broad absorption features with maximum around 780 nm. 

Unfortunately, large spectral fluctuations of the light continuum used to probe the samples 

did not allow more precise quantitative analysis of the process. 
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9. THEORY 

Understanding PR eflfect and the experimental results obtained in PR polymers in 

particular, requires a model that would be able to explain the majority of observed effects. 

A model adequately describing features of the PR effect in inorganic crystals was 

developed in late 70-s by Kukhtarev and coworkers [54], It describes the material 

response by means of drifl-difiusion equation, taking into account linear and quadratic 

recombination and generation of carriers by light. Coulomb interactions are described via 

Poisson's equation. Material equations are coupled to the light fields propagating through 

this medium. The resulting eflfect is that light waves are diffi^acted (or their propagation is 

otherwise altered) by the refi-active index modulations created by the light waves 

themselves. For that reason this phenomenon was historically called dynamic self-

diffraction. Besides self-dififraction and energy exchange between light beams in PR media, 

Kukhtarev's model can also be applied to describe such effects as beam fanning, formation 

of spatial solitons in PR crystals and so on [1]. This model was applied to explain main 

features of the PR eflfect in polymers with only minor modifications described below. 

9.1 Modified Kukhtarev's model: material equations 

The material equations of this model are as follows [54]: 

dn^ / dt + V -J / e = dn^ / dt, (25) 

dn,/dt = [^(I/Tm)^gJ(N-nJ-yn^n,,, (26) 
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j  =  en^ ^ ^ :E -e D^ :Vn^ ,  

V - ( i :E )  =  ̂ n e ( -  « .  +  J ,  (28) 

(27) 

where ne.h is the concentration of "electrons" and "holes" (or negative and positive charge 

carriers), respectively, N is the concentration of the photosensitive centers, Nc is the 

concentration of the so-called 'compensating charges' (as originally introduced for 

inorganic PR crystals [54]), j is the electrical current density, a is the cross-section of the 

photon absorption by the photosensitive center, I is the local light intensity, (j) is the 

quantum yield of free carrier generation, gt is the thermal generation rate of carriers, y is 

the coefficient describing the quadratic recombination of carriers, and are the 

mobility and the diffijsion tensors for the holes, E is the external dc electric field, e is the 

absolute value of the elementary charge, ho) is the photon energy, and s is the tensor of 

the static dielectric permeability of the material. 

In the equations above we assumed that only one type of the charge carriers is 

mobile (holes). We made this assumption because PVK has very different mobilities for 

electrons and holes, like most organic photoconductors. During conduction the holes can 

hop from one carbazole moiety to another. By contrast, electrons are captured by the TNF 

molecules, which are separated by relatively large distances at low TNF concentrations, 

thus, the mobility of electrons is very low. Therefore, we can safely assume that only holes 

are mobile, because the TNF concentrations in our composites are low. 

In PVK-based PR polymers sensitized with TNF, the photosensitive centers are the 

charge-transfer (CT) complexes that the carbazole moieties form with the TNF molecules. 
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For the usual level of TNF doping (~1% wt.) the concentration of the CT-complexes can 

be approximated by the concentration of TNF molecules in the material, i.e. it can be as 

high as 10*' -10^° cm'^. It is much higher than a typical concentration of photosensitive 

centers in PR crystals (lO'® - lO'' cm'^). Therefore, it is very unlikely to ionize most of the 

CT-complexes by a low-power cw excitation, and we can safely assume N» rih under 

our experimental conditions. 

When applying the standard photorefractive model to the PR polymers, some 

specific features of these polymers must be taken into account. First, because of the 

relatively low carrier mobilities in non-conjugated polymers (jih -- 10"^ cvt^Ns) and the 

necessity of poling, electric fields of Eo > 1 V/|im have to be applied to the sample to 

observe a significant PR effect. Therefore, we can neglect the diffijsion term compared 

with the drift term in Eq. (27). Secondly, in polymers the carrier mobility JUH and the 

quantum yield (j) depend on the electric field. For the sake of simplicity we assume that 

only the homogeneous external electric field affects //A, Y and (j), neglecting the small 

spatial variations (for small m) introduced by the space-charge field. 

To obtain an analytical solution, the Eqns. (25) - (28) are linearized. The usual 

assumption for the linearization is that the modulation depth m of the light fnnge pattern is 

small. As the experimental results show (Figure 23), the amplitude of the first harmonic of 

the index modulation A/J (i.e. the one with the same spatial frequency as the illumination 

grating) is proportional to m in the experimental range we studied, justifying this 

approximation. 
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After linearization of Eqns. (25) - (28), we can obtain an analytical formula for the 

amplitude of the space-charge field in steady state (neglecting the anisotropy of the 

mobility): 

- sMEnCOS(D r.,r> - K,7 (29) 
,r i ( K - r+^ ) ]  c.c., 

1 +iEq coj(p / 

where Eocosq) is the projection of the external field onto the unit grating wavevector 

s = K./\K\, r is the radius-vector, ^is the phase difference between the writing waves, 

and / is the imaginary unit. M is given by: 

N-N^-n, (30) 

2yn^ + 2n^ + G ' 

Eq is the limiting space-charge field (maxl^^l ^ •£?), 

aizeno(n^+2na+g) ^ 

z\K\ «o+G 

G describes the total generation rate of carriers, and «o is the average concentration of 

holes: 

(32) n,+g 
"o=—;— 

,  4Gr^_ ,  
I  (N*G) -

This expression for no includes both, the linear and the quadratic recombination of carriers. 

For the case of dominating linear recombination we obtain 

= E ,  , (33) 

whereas for dominating quadratic recombination 
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n , ^p (N- NJ  and =E , /2 .  (34) 

In both cases the model predicts the saturation of the space-charge field with growing 

intensity, but, as shown by Eqns. (33) and (34), larger amplitudes of the space-charge field 

can be reached when the linear recombination dominates. The amplitude of the space-

charge field approaches zero for zero intensity of the recording waves. We calculated the 

normalized amplitude of the space-charge field as a fijnction of the light intensity 

according to Eqn. (29), and the result is shown in the inset of Figure 24. The predictions 

of this model agree qualitatively with our experimental results. 

When the space-charge electric field is formed inside the material, it can modulate 

the refi'active index in a number of ways. Most commonly, as usually considered for 

inorganic crystals, the mechanism of such field-induced index modulation is the linear 

electrooptic (EO) effect (or Pockels effect). However, the space-charge field can also 

affect the index via the quadratic EO effect (Kerr effect). Furthermore, a new mechanism 

has to be taken into account for polymers with low Tg. In this case, the poling is achieved 

in real time during the grating recording process. Therefore, the total local electric field 

, which is the superposition of the uniform external field and the spatially 

modulated internal space-charge field (£„, = responsible for the 

poling. As a result, the local orientation of the optical axis in the material (which is 

collinear with E^,) and the degree of the induced anisotropy are spatially modulated by 

the total field. Because the poling induces in polymers not only EO properties, but also 

birefnngence (BR) [45], the BR of the material is also modulated. Thus, the modulation of 
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the refractive index through the EO effect is enhanced and, furthermore, there is an 

additional contribution to the total index modulation from the space-charge field-induced 

BR. As a result, the PR effect in the materials with low Tg is stronger than in PR materials 

with a fixed structure, such as permanently poled polymers. This phenomenon was 

discussed recently by Moemer et al. as the so-called 'orientational enhancement 

mechanism' [2], The relative strength of each efifect (EO and induced BR) is determined 

by the microscopic properties of the NLO chromophores, namely the dipole moment jx, 

the difference in the linear polarizabilities parallel and perpendicular to the molecular axis 

of the chromophore -da*, and the first hyperpolarizability p. The EO effect and the field-

induced BR lead to different anisotropy ratios A/7||/A/J^, where A^n is the index change 

along the optical axis (or extraordinary index change), and is the index change 

perpendicular to the optical axis (or ordinary index change). This ratio is positive and 

equals +3 for the EO effect, and negative and equals -2 for the field-induced BR [45], For 

PR gratings in the DMNPAA-doped polymers the effective anisotropy ratio is equal to 

-3.61, meaning that contribution from the field-induced BR is the strongest. 

9.2 Dynamic self-diffraction and non-Bragg orders 

Material equations considered above must be coupled to Maxwell's equations to 

adequately describe propagation of light waves in such a dynamic nonlinear medium as PR 

materials. When dealing with dynamic self-diffi'action on thick holographic gratings in PR 

media, only the Bragg order is typically considered and higher (non-Bragg) orders are 
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ignored*' . However, very large refractive index modulation amplitudes achievable in high 

performance PR polymers {An ~ 10'^) complicate the picture due to the appearance of 

non-Bragg (i.e. higher) orders even in diffraction on thick holograms [60], 

In this section we provide experimental and theoretical treatments of this eflFect, 

together with considering regular self-diffraction, when observed in PR polymers. We 

emphasize that the phenomenon under study is different from Raman-Nath diffraction on 

thin gratings which also gives rise to multiple diffraction orders. This analysis also 

demonstrates that diffraction into non-Bragg orders can serve as an independent (or 

complimentary) way to characterize these materials. The effect has added value due to 

potential use in image processing applications, as we show in some proof-of-principle 

experiments. 

The scattering processes leading to the appearance of the higher diffraction orders 

are shown in Figure 36. Besides the main grating with the spatial frequency K created by 

the writing beams, other gratings are formed, as the +1 and -1 beams appear during the 

diffraction process, due to the interference between the writing and the higher order beams 

(shown by the dashed lines in Figure 36). These subgratings also contribute to the 

diffraction. However, assuming that the +1 and -1 beams always remain much weaker than 

*' Although the phenomenon of light diffraction into higher orders on thick gratings in PR crystals and 

liquid crystals has been addressed before [55 - 59] the correlation between energy e.\change in dynamic 

self-diffraction and tlie non-Bragg orders has not been described adequately. 
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the +0 and -0 beams, we can neglect the influence of the subgratings on the overall 

diffraction process. 

The wave equation for a light-wave electric field 5 in an anisotropic dielectric 

medium can be written as: 

v(vs)-v'^i = klcs:b),  

where ko' = of/c', 8^3 =n^ + is the dielectric permittivity tensor of the medium at the 

operation wavelength, n is the background refractive index of the medium in the absence 

of the externally applied static electric field, is the change in permittivity induced by 

the combined action of the light and the static electric field, and denotes the tensor 

product. The change in permittivity s describes the PR response of the polymer and can 

be separated into two parts: 

^ e +C.C. 

where ig" is the spatially homogeneous change in permittivity and s^' is the one with 

spatial frequency K, £±0 are the complex field amplitudes of the writing beams, 

lo = I*d{z = 0) + /-o(z = 0) is the total incident light intensity (^I±o = 5^oS'±o ), and h is the 

background (incoherent) light intensity. 

Seeking solution of Eqn. (35) in the form: 

5 = ̂  exp[i((£it -k^f)] + c.c. (37) 
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where j = ±0, ±1 (Figure 36), we get a system of coupled-wave equations for S±o and S±i 

using the approximation of slowly varying amplitudes (weak coupling limit), and, 

therefore, neglecting the second spatial derivatives: 

f381 
cosa^(d£^ /dz) = -//AroAwo •^k^bji^(cos^'^isin^ yg:^, 

h -^h 

S^Z' (39) 
coso . ^ ^ (dS ^x  / -  -ikQ^ f ^ ( cos% ± i s i n^ )  — expC ' i t J ^ ^ z / co ja^ , ) .  

^0 

Here we assumed the light waves to be s-polarized, Aki = nkd4sin^9 + Ano) is the phase 

mismatch parameter for the first non-Bragg orders (Figure 36), ^ is the phase shift 

between the index grating and the light fiinge pattern, and 

Ano = AEo', Auk = 2AE^i^cos(p, (40) 

where l^rd is the magnitude of the space-charge field normalized by the modulation depth 

of the light fiinge pattern. The parameter Ano describes the phase change of the ±0 waves, 

which is due to the homogeneous birefiingence induced by the external electric field £0, 

and mK describes the coupling between the ±0 waves via the PR grating they induce in 

the material. The parameter A for a low Tg polymer can be obtained from the microscopic 

constants of the dye molecule using the oriented gas model in the limit of the small poling 

field [45], For s-polarized beams it is given by [2]; 

2k A = — 
n 

p ( \ )  

+ 
IF'-' //yg 

15 k.T \ kg  TJ  1 J Kg 

(41) 

where Ndye is the concentration of the dye molecules, Aa = ai i - a±\% the difference in 

linear polarizabilities parallel and perpendicular to the molecular axis of the dye molecule. 
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P is the first hyperpolarizability of the dye molecule, // is its permanent dipole moment, kg 

is the Bolczmann constant, and T is the temperature. and are the local field 

correction factors that account for the effects of the surrounding matrix on the molecules 

[61]. 

When deriving Eqn. (38) we assumed that the ±0 waves are not depleted by the 

diflfraction into the ±I orders, which allows us to decouple the interaction between the 

main beams and their diffraction into higher orders. The solution of Eqn. (38) for the 

intensities and the phase difference 5<p between +0 and -0 waves is given by: 

cosa^ In 
'  ijz) ^ 

-cosa._Q In 
^ijz = q)) d o + h )  

8(i)(zj = ko^oz(-
1 1 

cosa_Q coscl^ 
-)-cot^ln 

'  IJ2 ) I JZ )  ^  
^ I J z  =  Q ) I J z  =  Q ) J  

(42) 

(43) 

For small intersection angle 29  ( 29«  IF/'S A*o'= CLO) or for symmetric geometry Eqns. 

(42) and (43) can be solved analytically: 

I ^exp(Tz / cos vi;) (44) 

/-o +1*0 exp(Yz / cos vj/) 

-0 
I-0 + Lo exp(Tz / cos \\i) 

=-co,i  ln(  a*b' jexp(fz/cos<,j  
{ ( • l  +  bexp fTz / cos wJJ - .  

, where b = h(/I.o. 

(45) 

(46) 

Therefore, in the approximation of undepleted pump beams the solution for the 

complex amplitudes S±i and the diffraction efficiency t]±i is: 
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biQs^ exp(iQ±iz)-\ 

q±l 

(47) 
S±\ = -ikQ (cos ̂ ±isin^ 

where Q± i=-^  +  5  =  
kp/l^kcos^ 

cosy /  ^Q ' ^h  COSUj-y COS If/ 

sin( Qiid / 2) 
(48) 

As follows from Eqn. (48), TJ^I/TJ.I ~ Lo/I.o, and because one of the ±0 beams gets 

depleted and the other gets amplified during the self-diffraction process, depending on the 

applied field polarity (asymmetric energy exchange), the diffraction efficiency to the ±1 

orders follows similar dependence on the field polarity as does the 2BC. 

During the derivation of Eqn. (47) we assumed that the intensities I±o are changing 

much more slowly than the phase factor exp(iO±i z) (justified when ^ « 1). The above 

analytical solutions are valid when the diffraction into the non-Bragg orders is not strong 

enough to deplete the pump beams, i.e. when the diffraction efficiency is small. From Eqn. 

(48) it can be concluded that the condition for it is as follows; 

Q^^djl »K = kQd^nf,|cosa^^. (49) 

From Eqns. (48) and (49) it follows that, for a given interaction geometry, the non-Bragg 

diffraction can be initiated by increasing the amplitude of the index grating (achieved, 

for example, by increasing the applied field). 

The structure of the expression for the diffraction efficiency T]±I (Eqn. (48)) 

resembles that for multi-photon scattering processes, like multi-wave mixing, obtained via 

the perturbation theory [62]. It has a factor /c describing the strength of the coupling, it is 
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proportional to the intensities of the participating beams with proper power factors, which 

reflect the order of the process in the perturbation series, and, finally, it has a dephasing 

function sinc^ as a multiplier, arising from the mismatch of the phase velocities of the 

interacting waves inside the medium. 

9.2.1 Non-Bragg orders: comparison with experiment 

The results of experiments on non-Bragg diffraction orders demonstrate that for an 

intermediate (near-Bragg) regime, when the intersection angle is small enough and the 

index grating amplitude is large enough diffraction into non-Bragg orders can be very 

pronounced. Assuming it is not sufficiently strong to deplete the pump beams, an 

analytical solution can be obtained for the diffraction efficiency into the non-Bragg orders. 

The analytical solution obtained in this approximation describes the main features 

of the experimental observations quite well. The inset of Figure 37 shows the calculations 

of T]±i as fianctions of the applied field based on Eqn. (48). Empirical values for the 

constant A in Eqn. (40) and the parameter Eq were used in calculations. The field polarity 

asymmetry of the diffraction to the higher orders follows the asymmetry of the energy 

transfer in 2BC (Figure 17). According to Eqn. (48) t]±i ~ o, which means that if, for 

example, the +0 beam is getting amplified and the -0 beam diminished with the applied 

field, then rj^i will grow with the field rather fast (~ /"+o), while rj.i will grow much 

slower, if at all. The degree of the asymmetry is governed by the shifted component of the 

index grating. This behavior is not observed in Raman-Nath diflfraction. However, the 

non-Bragg orders would also appear in the case of local gratings, as follows from the 
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Figure 39. Photograph of the '±0' beams transmitted through the sample and tlie '±1' non-Bragg 
diffraction orders. The '-0' beam is collimated, the '+0' beam is diverging, the '-1' beam is converging, 
demonstrating tlie phase-conjugate relation to the '+0' beam, and tlie '+1' beam is diverging 
appro.>umately two times faster than '+0' beam, demonstrating the "phase doubling". The e.\posure was 
set long enough to bring all tlie spots to samration. 

theory (independent of the applied field polarity, in this case). Therefore, such field 

asymmetry provides a quantitative measure of the phase shift of the PR grating. As the 

model predicts, TJ±I(±EQ) ~T] I( EQ) which was observed experimentally. 

We can see from Eqn. (47) that the two first non-Bragg diffraction orders 

represent the phase-conjugated (i.e. ~S' o) and the phase-doubled (i.e. ~ S\o) replicas of 

the input waves. To verify these wavefi^ont phase transformations experimentally for the 

±I orders we performed an experiment with two main beams having different divergence: 

beam -0 was collimated and beam +0 was diverging (Figure 39). The divergence was 

introduced by a lens in the beam path. At a certain distance after passing through the 

sample a screen was introduced into the beams' path and the image of the ±0 and ±1 

beams was photographed. The picture clearly shows that the beam -1 is focused and, 

therefore, is converging, while the beam +1 is diverging approximately two times faster 
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Figure 40. a) Pliotograpli of the inverse contrast image created in tlie '+1' diffracted beam by 
illuminating the sample \vith a beam of incoherent light bearing tliis image, b) Background light 
photographed after the image was "switched off" by turning off the applied field. 

than +0. This effect can be used for phase conjugation applications in forward 

configuration. Besides, because the amplitudes of the +1 and -1 waves are proportional to 

the product of the amplitudes of the writing waves, some other mathematical operations 

can be performed on the wavefi'onts. For example, spatial correlation of two images can 

be carried out by use of this process, thus allowing a simpler arrangement for an optical 

image correlator, as opposed to the standard FWM geometry [63]. 

As follows fi"om Eqn. (48), the incoherent background light intensity h can 

modulate T]±I. It allows to perform incoherent-to-coherent image conversion via this 

process. To demonstrate that we illuminated the sample with the light incoherent with the 

writing beams (a separate 675 nm laser diode was employed in this case) and placed a 

picture into the path of this incoherent beam. The image of the picture was projected onto 

the sample. When the background beam was switched on, the ±1 order beams would carry 



this image with reverse contrast, according to Eqn. (48). The photograph of such an image 

is shown in Figure 40. Switching on and off the applied electric field allows to turn this 

image 'on' and 'off, thus opening a way to build a new type ofelectrooptic modulator 

based on this effect. Figure 40 shows the background signal when the electric field was 

switched off 



121 

10. DISCUSSION 

Experimental results presented in Section 8 demonstrate remarkably high 

performance of PR polymers compared with initially reported figures [2], Diffraction 

efficiencies close to 100%, refi-active index modulations high enough to lead to oscillatory 

behavior of the diffraction efBciency, and high 2BC gain are very attractive to be exploited 

in numerous applications (see Section 11). Performance parameters, origin of 

photorefractivity, and future outlooks for PR polymers are discussed below. 

10.1 Performance parameters of PR polymers 

10.1.1 Dynamic range 

Important characteristics of a holographic material in general include its dynamic 

range, its photosensitivity, and its resolution. The dynamic range is determined by the 

maximum modulation of the refi-active index achievable in a material, and can be as large 

as Aw ~ 10'^ in the composites described here, depending upon the experimental 

conditions. This is much higher than for any other PR polymers reported to date [64, 65, 

48], It is also remarkably high compared with some of the inorganic PR crystals (Table 6), 

which usually show An « 10'^ - 10"*'. 

10.1.2 Response time 

Time-resolved traces of PR grating build-up in PR polymer demonstrate that 

dynamics of grating formation in these materials are quite complex, involving very 
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dififerent physical processes with multiple characteristic rise times. However, all of them 

have different weight in the overall process and, therefore, the rise time of the major 

contributing component can be considered as an effective time of the PR grating build-up 

(or the material response time). If defined as a time necessary for the grating to grow from 

10% to 90% of its final value, the apparent response time of the gratings in PVK-

DMNPAA PR polymers is ~ 1.5 s. Defined this way, the response time is independent of 

the amplitude of the recorded gratings. However, if other definitions of the material 

response time are used, different values would be obtained. For example, if defined as a 

time for grating to grow from zero to 1% diffraction efficiency, the material response time 

would greatly depend on the experimental conditions, sample geometry, composition, 

thickness etc.. 

10.1.3 Photosensitivity 

While favorable in their dynamic range, PR polymers are sometimes considered to 

be inferior in their sensitivity S, defined as the light induced change of the refractive index 

per unit absorbed energy per unit volume [66]: 

S = , (50) 
a i  t  

where T is the hologram formation time and / is the light intensity. Defined in this way, the 

sensitivity allows the comparison of different materials independently of their absorption 

properties. For drift recording the optimum efficiency for an efficient inorganic PR crystal 
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such as Bii2Si02o ( BSO) can be estimated as [66]: <0.1 cm^P' for X = 500 nm 

[67], assuming unity quantum eflRciency of photogeneration. 

Table 6. Photcrefiractive recording sensitivity (data for inorganic crystals are taken from Ref. 
r^Ti). 

Material a S X L O ^  Aw  ̂max E  A 

[cm-'] [cmVj] [lo-'l [kV/cm] [^im] 

KNbOj 3.8 12.5 1 7 10 

BaTiOj - - 5 10 -

Bi[2Si02o 2.3 71 - 6 5 

DMNPAA/ 
PVK/ECZ/ 
TNF 

25' 30 560 800 3 

* Measured at 633 nm. 

PVK-based compounds, which demonstrate the best performance regarding 

achievable index modulation, also exhibit the best sensitivities observed so far. As Figure 

24 shows, the induced index modulation depends on the light intensity. However, even at 

pump intensities as low as 10 mW/cm^ the index modulation can reach values of 

Anp ~ 4x10'^. The rise time of the grating of x ~ 0.5 s and the absorption coefficient of 

a « 25 cm"' at Eo = 80 V/|im and X = 633 nm lead to an estimated sensitivity of about 

S = 0.03 cmVj. This is just about one order of magnitude less than the theoretical 

maximum value of 0.5 cmVj for EO ciystals [66] and is close to the sensitivity of BSO, 

which is one of the best inorganic PR crystals in this respect (Table 6). The high sensitivity 
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of the PVK-based PR polymers is also illustrated by the fact that they can be used with 

low-power laser diodes. 

Besides absolute values for the sensitivity, the spectral range in which a material 

shows such sensitivity is a very important parameter for applications. Polymers based on 

PVK are easily sensitized for the visible and even NIR range, as was shown in Section 8. 

However, because of the strong absorption of most of the NLO chromophores at A. < 600 

nm, only red and infrared regions of the spectrum are available for practical use. 

Nevertheless, this is a very important part of the spectrum since it is covered by 

conmiercially available efficient and inexpensive laser diodes, which makes systems 

employing PR polymers very affordable and compact by eliminating the need in a bulky 

and expensive laser source. Besides, there is a whole class of applications (e.g. optical 

medical imaging) that specifically requires laser sources in NIR (tissue transparency 

region). The use of different chromophores that do not strongly absorb in the visible can 

make PR polymers suitable for use in that region as well. Furthermore, exploring dual-

layer devices which employ a separate photosensitive layer for photogeneration of carriers 

can allow greater flexibility in designing materials for almost any desirable spectral range. 

10.1.4 Dark storage time 

As seen in Figure 33 PR gratings recorded in polymers are optically erasable. As a 

result, the readout at the recording wavelength is destructive. The speed of grating erasure 

can be related to the intensity of the readout light (Figure 33). However, there is a 

possibility that the grating might live rather long in the dark. As Figure 33 (bottom) 
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demonstrates this is true only to some extent since after Vi hour of staying in the dark the 

PR grating is reduced to approximately 1/3 of its initial amplitude. Dark storage is possible 

in the case when space charge is trapped and carrier migration cannot be temperature 

activated. Although traps are always present in photoconducting polymers (in a way, each 

charge transporting moiety is a shallow trap) there has been so far no reliable evidence of 

substantially long (several days) trapping of noticeable portion of the space charge in 

polymers described here. However, it largely depends on the composition of the materials 

and does not mean that PR polymers as a class are not capable of longer time storage. 

10.1.5 Reversibility of recording and material fatigue 

One of the attractions of PR materials is that holographic recording in them is 

possible without any development steps (i.e. occurs in real time) and is completely 

reversible, so that the same material can be reused many times. This property, obviously, is 

conflicting with the long time storage requirement. But since PR polymers discussed here 

do not retain index gratings for long time, the recording in them is completely reversible. 

It is very desirable for real-time holographic applications. No noticeable degradation of 

materials was observed after prolonged use (several months), however, systematic studies 

of the photo-induced fatigue of the samples were not conducted. 

10.1.6 Stability of composites 

In guest-host polymeric composites like the PR polymers discussed here, the state 

in which all the components are evenly dissolved in polymer matrix and no phase 

separation occurs is thermodynamically metastable. Over time, dopants start to segregate 
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and the desirable material properties start to degrade. This problem is intrinsic to the entire 

class of PR polymers under discussion. It was indeed observed that with time (usually 

after about half a year) phase separation occurs in polymers, dye starts to crystallize, 

material becomes highly scattering and its performance degrades noticeably. It was also 

observed that environmental factors such as humidity and ambient temperature affect the 

rate of phase separation dramatically. When exposed to elevated temperatures (up to the 

melting point of the dye) the crystallization occurs rapidly, as expected from general 

principles of thermodynamics. During the period of increased humidity (monsoon season 

in Tucson) accelerated precipitation of dye in the composites was also observed. 

The only component that was ever found to crystallize was the NLO dye. Usually 

very high molecular loading of this component is used in preparation of composites which 

makes it the first, and, practically, the only one to phase separate. The rate of such 

separation depends strongly on the concentration of the dye and its solubility in the 

polymer matrix. For example, PR polymer samples with 25% of DMNPAA dye were 

stored on a shelf for 1 - 2 years and no noticeable crystallization was observed. Also, 

eutectic mixes of different isomers of the DMNPAA dye (2,5-DMNPAA and 3,5-

DMNPAA) were used to study its effect on the rate of phase separation. At certain 

relative concentration a mixture of the two isomers shows a single melting point which is 

below the melting points of either one of the isomers [68]. This means that molecular 

interaction between them is weakened and, as a result, they are more likely to stay in the 

solid solution in polymer matrix than form aggregates. Experiments demonstrated that the 

s t a b i l i t y  o f  c o m p o s i t e s  u s i n g  s u c h  e u t e c t i c  m i x e s  w a s  i n d e e d  i m p r o v e d  -  a f t e r  a b o u t  7 - 8  
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months of use and exposure to humid weather, the only composites not showing signs of 

degradation were the ones doped with the eutectic mix of the DMNPAA dye isomers. 

It was also observed that samples prepared with the modified version of the 

DMNPAA molecule - NPADVB show drastically improved stability. For example, when 

placed on a hot plate at ~ 80° C, samples containing 50% wt. of DMNPAA dye 

crystallized completely in 1 minute. Conversely, samples containing 50% wt. of the 

NPADVB dye in the same conditions showed only - 10% of crystallization (that occurred 

fi-om nucleation sites) after I hour of exposure to 80° C heat. It is expected that at room 

temperature the samples doped with that dye should have a shelf life of at least a couple of 

years. Better stability of the composites containing the NPADVB chromophore can be 

explained by increased solubility of that dye in the P VK matrix. 

10.2 Origin of high performance 

10.2.1 Orientational effects 

As shown in the previous sections, the magnitude of the index modulation in PR 

polymers can be as high as Awp = 7x10'^. If this index change was determined solely by the 

EO effect, then the effective EO coefficient of the material would be ~ 80 pnW. An EO 

coefficient that high cannot be achieved solely due to the linear EO effect in our polymers 

doped Vidth DMNPAA, as was verified in independent EO measurements [69]. However, 

the electric field-induced BR can have a strong contribution to the overall index 

modulation in polymers with low glass transition temperature, as discussed earlier. The 
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change in sign of the 2BC gain coefficient F, observed when the polarization of the beams 

was changed from's' to 'p', while the electric field polarity remained unchanged, indicates 

that the field-induced BR is the dominant contribution in the materials doped with 

DMNPAA. 

It should be noted, that a model describing photorefi^activity in low Tg polymers 

which includes the orientational enhancement efiFects agrees quantitatively with the 

experimental results, explaining the large index changes observed in a material with only 

moderate EO properties. 

10.2.2 Relation to photoconductivity 

Even though largely attributable to orientational effects, the origin of the refractive 

index gratings recorded in polymer composites is photorefi'active. It is demonstrated by 

trying to observe any index gratings in unsensitized composites. Samples of 

DMNPAA;PVK;ECZ in the same proportion as used for regular experiments were 

prepared and tested. It was found that no index gratings can be recorded in these samples, 

apart fi-om the photoisomerization-assisted gratings formed due to small dye absorption 

when excited with 633 nm HeNe laser. 

10.2.3 Phase shift of the grating 

Results of FWM experiments allow the evaluation of the total amplitude of the 

refractive index modulation in PR gratings. On the other hand, the measurements of the 

2BC gain constant f show the amplitude of the shifted component of the grating 
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(T = (In/X) -An-sin^, see Eq. (42), p. 115). Thus, by combining the two together we can 

evaluate the PR grating phase shift ^ as it occurs in polymers. Quick calculation leads to a 

conclusion that the phase shift is ~ 17° at 1 W/cm^ of633 nm excitation and 3 ^im grating 

spacing. This is indeed a lot smaller that a typical 90° shift observed in PR crystals in 

difiusion recording. However, since the PR gratings are formed via drift recording in 

polymers, it is not so surprising, because in this case the phase shift is a function of the 

drift length of the carriers which can vary widely depending on the carrier mobility of the 

material. 

As can be concluded from the steady state experiments on grating spacing and 

power dependence the phase shift is a fiinction of these parameters. It increases with 

decrease of writing intensity and the period of the grating. 

10.3 Comparison of different holographic materials 

Experimental results obtained in this work allow comparison of different aspects of 

performance of PR polymers with other materials suitable for holographic recording. 

Besides PR materials popular holographic media include photopolymers and 

thermoplastics. 

Photopolymers are holographic materials in which recording is performed via 

photoinduced polymerization [70]. Producing holograms in DuPont photopolymer, for 

example, involves the following steps; 1) holographic exposure, 2) UV cure, and 3) 

baking. During the exposure a phase grating is formed in the polymer via diffusion and 

photopolymerization of the monomer. It is fixed by further polymerization during UC 
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curing. The baking step, in turn, produces enhancement of the refractive index modulation. 

Although possessing very high dynamic range (Afj ~ 0.02) and capable of stable 

holographic storage, photopolymers are not applicable to real-time recording. 

Furthermore, shrinkage during the development presents problems even for exploiting 

them for permanent holographic storage, since it affects the period of the recorded 

gratings. 

Thermoplastics are deformable media suitable for recording of phase holograms. 

The hologram is recorded as a thickness variation corresponding to the light intensity 

pattern. Thermoplastic recording plate's structure is similar to xerographic dual-layer 

devices. It has a transparent electrode, photoconducting layer, and a layer of deformable 

plastic [71]. The device is charged via corona discharge, exposed to light, and then heated. 

At higher temperatures the softened thermoplastic layer is deformed by the electric field, 

producing the variation of thickness. The plate, then, will retain this thickness variation 

after cooling and, therefore, a phase hologram will be recorded. Although producing high 

refi-active index modulation, thermoplastics are not suitable for real-time recording, unless 

heating and charging are performed in situ. Besides, the thermoplastic layer is very thin 

(~ A) and, therefore, is not suitable for volume hologram recording. 

Table 7 summarizes such parameters as dynamic range, sensitivity, response time, 

nonlinearity, storage time etc. for different materials and material classes. These 

parameters taken as a whole determine the range of possible applications for each 

material. Note that besides sensitivity per absorbed energy S introduced by Eq. (50) a 
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sensitivity per incident energy S'=aS has also been used in Table 7. All the parameters in 

Table 7 are experimentally obtained values, rather than theoretical evaluations. 

Table 7. Comparison of dififerent NLO materials. 

5'xlO^ 
[cmVj] 

S ' x lO^  
[cm^/J] 

n2 
[cm^/W] 

'^response 
fsl 

^storage 
[s] 

Real-time 
recording 

Thermoplastics'' - 10^ N/A N/A > 10® No 
Photopolymers''' - 10^ N/A N/A > 10^ No 

Yes 
Inorganic PR crystals'' 10-70  30 - 200 10*' 

o
 1 

o
 1 - 10" 

Yes 
PR polymers 30 700 10-^ 5-10-^ 1 

o
 

Generic material*" 
10*16 < 10-" 

pulse Yes 
(e.g. fused silica) N/A 1 10*16 < 10-" duration 

Polydiacetylene*'' N/A lo-^ 10-'^ < 10-'^ 
pulse 

duration 
Yes 

Ref. [71]; Ref. [70]; Ref. [66, 67]; Ref. [72]. 

As Table 7 shows NLO materials differ widely. Some of them, such as 

polydiacetylene and thermoplastics, appear to be quite efficient according to the S' 

parameter, which show the intrinsic efficiency of the process. However, polydiacetylene, 

for example, requires high peak power ultrashort pulse lasers to operate which makes their 

real life applications doubtfiil in the nearest fliture. Thermoplastics, on the other hand, are 

hard to use for real-time refi^eshable operation. 

Plasma gratings in doped semiconductors have also been shown recently to be an 

interesting way of recording and storing holographic index gratings [73], This effect is 

closely related to the phenomenon of persistent photoconductivity in doped 

semiconductors. In this mechanism an index grating is formed via excitation of DX centers 

leading to lattice relaxation to a metastable state and generation of free carriers (or 
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electron-hole plasma). The e-h plasma than modulates the refractive index of the material 

proportionally to the local carrier density. However, erasure of the gratings is possible 

only by re-heating the sample. No optical erasure has been possible so far. And most 

importantly, all currently reported recordings of plasma gratings in semiconductors were 

possible only at cryogenic temperatures. 

Therefore, PR materials remain the media of choice for real-time recording of thick 

phase holograms also offering a possibility of fixing the recorded gratings for longer time 

storage. 
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11. APPLICATIONS 

11.1 Holographic recording 

To demonstrate the performance of the polymer in holographic applications 

holograms of 2-dimensionaI binary 

1 

" i i  2  t  | S ' s ;  
!?li 8^^-

111 a «saa ssiisi' • , 
'4 &'2 !'' 

images and 3-dimensional objects 

were successfully recorded and good-

quality image reconstruction was 

obtained (Figure 41 and Figure 42). 

All holograms were recorded using 

either a 4 mW HeNe laser or a 9 mW 

laser diode. The coherence length of 

the diode (LaserMax Inc.) was 15 

cm. While using the laser diode for 

holography, special care had to be 

taken to ensure a single mode output 

of the diode. This is crucial for the 

Figure 41. Photographs of a reconstructed image of a device performance. Although it is 
USAF resolution target (a) and the original target (b) taken 
under the same conditions. The recording and tlie readout principally possible to use this 
were performed \vitli a 632.8 nm HeNe laser. The average 
intensity on the sample during the recording was < 10 
mW/cm". 

material for real-time color 

holography, its performance is hindered by the increasingly strong absorption in the blue. 
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The resolution of the reconstructed images depends on the recording scheme. We 

evaluated the resolution achievable in our system with a USAF resolution test target 

(Figure 41). The center part of the target image was magnified when evaluating the 

resolution. For image-plane holograms, the resolution was found to be about 5 |im when 

the image reduction factor (= 5) 

was taken into account. It was 

limited, probably, by the grating 

spacing. The resolution of the 

material itself allows recording 

of transmission holograms with 

fnnge spacings down to I jam. 

There are no principal factors 

limiting the resolution of the 

material, such as the grain size in 

photographic emulsions. 

Fourier-plane holograms had lower resolution when recorded in the 105 jim thick 

samples, in accordance with the selectivity relations for volume phase holograms. 

Figure 42. Photograph of an image of a penny reconstructed 
from a hologram recorded in our PR polymer. 

11.2 Dynamic holographic interferometry 
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One of the potential applications for PR polymers is their use as recording medium 

for dynamic time-average interferometry. First introduced by Powell and Stetson [74] in 

1965, it has been widely used in industry for non-destructive testing of mechanical 

components [75, 76], Traditionally, conventional holographic recording techniques are 

used in time-average interferometry, which involve film developing as part of the process. 

PR crystals are well adapted in this respect because they do not require any processing to 

observe the interferograms 

and, therefore, allow 

monitoring of vibrations in 

real time. However, PR 

crystals have not found wide

spread use in industrial 

testing devices so far. 

Moreover, the most sensitive 

PR crystals (e.g. BSO) 

perform better when excited 

by the light in the blue-green 

part of the spectrum, and, 

therefore, require the use of relatively expensive lasers, such as argon-ion lasers, as 

compared to laser diodes or HeNe lasers. PR polymers could overcome these problems, 

offering a cost-effective substitution for PR crystals and enabling the use of inexpensive 

Figure 43. Mode patterns of a circular vibrating membrane 
obtained via time-average interferometry for different acoustical 
excitation frequencies: a) 2,000 Hz, b) 6,150 Hz, c) 6,870 Hz, and 
d) 8,270 Hz. Recording was performed wth 632.8 HeNe laser, 
readout \vitli 675 nm laser diode. 
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low-power laser sources 

emitting in the red. They 

also can easily form large 

area films, which is desirable 

for some applications. 

We performed 

proof-of-principle 

experiments to demonstrate 

the capability of our PR 

polymer in the real-time 

interferometry. Figure 43 

and Figure 44 show the 

vibrational modes of a circular membrane. The membrane was a thin (~ 50 |am) mylar film 

coated with aluminum and mounted on a ring. It was acoustically excited by a loudspeaker 

located behind it, as described in the experimental section. Figure 43 shows mode patterns 

of the membrane when excited at different fi-equencies. The interferograms are composed 

of superimposed Bessel fiinges [74] that express the vibrational amplitude. Nodal lines 

always remain bright, whereas higher order and lower contrast fiinges represent an 

increasing vibrational amplitude. This is illustrated in Figure 44, where mode patterns are 

shown for different vibrational amplitudes at the same fi-equency. This type of testing can 

detect mechanical defects and the nonuniformities of the membrane stress and thickness, 

and also provides information about the natural vibrational fi-equencies. 

Figure 44. Time-average interferograms of tlie vibrational mode of a 
circular membrane at tlie frequency 6,150 Hz for different 
amplitudes of tlie e.\citation: a) 30 mV, b) 60 mV, c) 120 mV, and 
d) 240 mV. Recording was performed with 632.8 HeNe laser, 
readout witli 675 nm laser diode. 
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11.3 Document security verification 

After the development of photorefractive polymers with high performance [4] a 

strong research effort has been directed towards the use of these new materials in optical 

systems and devices. In this section we will consider an "all-polymeric" optical security 

system using PVK-based photorefractive polymers as the nonlinear medium for security 

verification of documents optically encoded with practically invisible phase masks. Such 

phase masks are difficult to forge and thus, greatly increase the security of important 

documents. Since PR polymers described in this dissertation are wavelength compatible 

with commercially available low- power semiconductor laser diodes the system can be 

integrated into a very compact device at low cost. It shows the technological potential of 

photorefractive polymers as materials of choice in all-optical processing systems applied to 

security verification. 

Rapid technological progress, especially in computers, CCD technology, color 

printers and scanners, makes forgery and counterfeit of valuable documents such as credit 

cards, or other important objects increasingly simple. Current techniques such as the 

embossed dove hologram on credit cards are no longer a reliable solution to this problem 

as they can be copied. Thus, there is a need for development of new and inexpensive 

optical methods for security applications [77] to better handle the counterfeiting problem. 

Optical security features can be inspected by either visual checking without special 

equipment or with the help of technical facilities for rapid screening. When such an optical 
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system is required for security checking, low manufacturing cost is a critical issue for its 

technological viability. 

The low cost security verification system proposed here is based on the optical 

encoding of documents with pseudo-randomly generated phase masks [78] and their 

inspection by performing all-optical spatial correlation of two phase encoded images in a 

photorefractive polymer in a four-wave mixing configuration. One phase image is placed 

on the object to be verified such as an identification or credit card. The other is made 

available to the security systems for comparison with the input image. The phase images 

may include a combination of both biometrics information for verification of the individual 

carrying the card as well as a secret code known to the system for authentication of the 

card. The practically invisible phase mask is permanently placed on the object to be 

verified and can be manufactured using a number of techniques such as embossing on 

plastic films, encoding on photopolymer, etc... With the high resolution of commercially 

available optical materials, the phase mask can be of the order of million pixels and the 

mask size will be only a few millimeter squares. 

Pseudo-random codes or pseudo-noise sequences can be employed to encode the 

phase masks [79]. These codes have unique correlation properties: Their auto-correlation 

is delta flinction like (as in the auto-correlation of white noise) with small sidelobes and 

with a maximum correlation value proportional to the number of the pixels in the code N. 

The average cross-correlation between two different codes is l/Ntimes the auto

correlation peak value resulting in an average discriminating power of N. Using optical 

materials, 2-D optical codes with large number of pixels (i.e. large AO can be employed as 
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phase masks which results in small cross-correlation outputs for any two different codes. 

Consequently, the auto-correlation properties of large pseudo-random codes facilitates 

confident verification of authorized codes, while their cross-correlation properties 

facilitate confident discrimination against unauthorized codes. Due to their correlation 

properties, these codes are also robust to degradation of the individual pixels. If m pixels 

of a code are degraded, we expect the peak to sidelobe ratio to decrease by an average of 

m/N compared with the original code. If for instance 90% of the surface of the mask gets 

damaged, the normalized auto-correlation signal will decrease fi^om 1 to 0.1. Since cross-

correlations will still average at UN, the average discriminating power will be 0.1 x M. 

For 64 X 64 phase masks 4096), the 0.1 auto-correlation signal of a 90% damaged 

mask will still be 41 times higher than the signal of a rarely high cross-corrrelation value of 

lO/N. 

The vast parallel information processing potential of optics has been the stimulus 

of the sustained research activity in this area. However, the limited performance and/or 

the high cost of existing nonlinear optical materials has severely limited the technological 

potential of all-optical correlators: Inorganic photorefi"active crystals have been 

investigated [80] but their processing and high cost has limited their use in wide-spread 

applications. To improve processing conditions, polymers with third-order susceptibility 

have also been proposed in the past [81, 82], However, their low efficiency requires 

very high peak power laser pulses that can only be generated by sophisticated ultra-short 

pulse laser sources which makes them impractical. Due to limitations of previously 
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Figure 45. Schematic of the four-wave mixing photorefractive correlator setup for security 
applications. L2 and L3 are tlie Fourier transform lenses (focal length 85 mm). The beams overlap in 
the back focal plane of tlie lens L2 and form an interference fringe pattern (Raleigh interferometer). 
The recorded hologram of the Fourier transformed test mask acts as a comple.\ filter for tlie readout 
beam bearing information about tlie reference mask. BS is a beamsplitter, CCD is a camera. 

available optical materials, other correlator designs have been proposed over the years; 

nonlinear joint-transform correlators, for instance, show good performance for pattern 

recognition and are capable of real-time operation [83], However, because these systems 

use either sophisticated liquid crystal light valves [84], CCD detectors, and/or a computer 

to perform Fourier transforms, they do not meet the low cost requirement. 

The proposed optical correlation system is illustrated in Figure 45. The input card 

containing the phase mask is placed in the plane F1 which is to be correlated with the 
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master phase image in the plane P2. The hologram written by the interference of the 

reference beam and the beam going through the test mask forms a holographic filter for 

the master mask. Recording of this holographic filter was performed in real time with a 

633 run HeNe laser with a total power of 1.5 mW. A separate 675 nm laser diode with < 1 

mW power was used for the readout. The spatial cross-correlation fiinction of the two 

phase masks was formed in the plane PI. The illuminated area on the sample was about 4 

mm in diameter at normal incidence. Like in regular four-wave mixing experiments, the 

sample was tilted at 60°. Writing beams were 's'-polarized (or perpendicular to the plane of 

incidence defined by the sample normal and the wavevector of the incident light, i. e., 

vertical in this case), and the readout beam was 'p'-polarized (horizontal). The diffracted 

beam was picked-up by the beamsplitter BS and was projected on a CCD camera to 

record the correlation. Here we used a CCD camera only to visualize the correlation peak 

and to compare it with the background noise. However, in practice the correlation can be 

verified with a regular silicon detector. 

For this demonstration, the composite DMNPAA:PVK:ECZ:TNF with the 

composition 50:37:12:1 % wt. Was used. A field of 50V/|am was applied during the 

recording of the holographic filter and the implementation of the auto-correlation. 

For the purpose of this demonstration experiment, the phase masks were binary 

random patterns of 64x64 pixels, the whole array size was 5x5 mm, and was formed in a 

2-|im thick photoresist layer with a refi-active index of n = 1.64 deposited on a glass 

substrate corresponding to a phase-modulation depth of 4K. In principle, larger codes and 
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gray-level patterns can be used to improve the discriminating power. The master phase 

patterns can be easily composed in a phase-only spatial light modulator in real time, which 

allows scanning of the database 

of the control masks without 

changing them mechanically. 

Figure 46 shows an 

example of the cross-correlation 

of the master phase mask with a 

matching phase mask. It clearly 

demonstrates a sharp correlation 

peak in the center, signifying a 

match. A mask different from the 

control image produces only the 

Figure 46. Spatial distribution of the light intensity in the j • j u i j l 
correlation plane when the test mask matches tlie master mask. randomized bac ground, s own 

around the base of the peak in 

Figure 46. Therefore, discrimination between the original and any copy is achieved by 

measuring the light intensity in the center of the correlation plane and comparing it with a 

threshold that is adjusted for a chosen security level. 

The proposed security verification system has the following features that make it 

practical for wide-spread applications: First of ail, the use of a highly efficient 

photorefi-active polymer as active material in an all-optical correlator configuration and its 

compatibility with semiconductor laser diodes keep the overall manufacturing cost to 
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levels that are significantly lower than that of any previous proposed optical correlator. 

The system is fast because the processing is implemented optically in parallel. 

Furthermore, the high resolution of the photorefi^active polymers allows the use of shorter 

focal length lenses in the 4f correlator, thus, making its design more compact compared 

with one using liquid crystal light valves. In addition, all the components (including the 

laser source and the nonlinear material) can be manufactured in a very small size and the 

system can be easily further miniaturized. Finally, because the recording process is based 

on the photorefi-active effect, the stored hologram can be erased and a new hologram can 

be written in real time. This reversible real-time recording and processing enables the 

testing of a variety of different documents encoded with different phase masks and their 

comparison with a corresponding master mask database. Its response time (~ I s) is 

satisfactory for the security verification tasks and does not preclude fast database searches. 

As explained above, use of pseudo-random codes ensures the system robustness and 

resistance to noise acquired during the wear. 

The proposed system can be complementary to other technologies under 

development such as the use of biometrics for identification purposes. The phase encoding 

can be added to the biometric identification features such as fingerprint or picture as an 

additional security step. As is well established in the field of optical document security, the 

larger the number of available viable techniques, the better the chances of succeeding 

against credit card (and other value documents) fi^aud. 

In summary, it appears that the described security verification system possesses a 

number of important technical merits and advantages over previous designs that greatly 



increase its potential to be used in wide-spread security applications. This potential is 

further enhanced by the recent emergence of enabling technologies to produce very low 

cost precision plastic optical elements such as lenses and splitters by precision injection 

molding. 
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12. OUTLOOK 

Although PR polymers undergone impressive development in just 5 years of their 

existence, their physics is just barely understood and numerous possibilities to improve 

their performance remain unexplored. Since the driving force in the research efforts in this 

field is low cost, processing flexibility, and mechanical properties of polymers that are very 

attractive for applications, future work will focus primarily of the improvements in their 

performance as demanded by the practical use. The ways to refine various aspects of the 

performance of PR polymers are outlined below. 

12.1 Areas of improvement 

Dynamic range. Dynamic range of the PR polymers is already quite impressive -

refractive index modulations of ~ 0.01 and 100% diffraction efficiency are more than 

adequate for all applications. Nevertheless, diffraction efficiency that high is achievable at 

rather high electric fields £ ~ 50 V/|im. Although not prohibitive for most applications, 

high electric field is a technological inconvenience and any possibility to work at lower 

field would be welcome. It becomes particularly important if larger thickness of the 

material is desired, for instance, for the purpose of holographic storage. To achieve 50 

V/|im field strength in a 1 mm thick sample, for example, a 50 kV voltage is necessary, 

which is a problem. Possibility of hologram recording without any applied field also 

presents a number of technological advantages. 
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Response time. Although adequate for many applications (e.g. holographic interferometry, 

novelty filtering etc.), response time of a material of the order of 10 ms would open a lot 

of possibilities in applications requiring video rate performance (30 Hz). Since it appears 

that the response time of the amorphous PR polymers of the class described in this 

dissertation is mostly determined by the reorientation time of the NLO chromophores, 

using permanently poled polymers, for example, would improve the response time 

considerably. In any event, in that case it would be limited by the photoconductive 

response time, determined by the photosensitivity of the material and the mobility of the 

carriers. 

Storage time. Although demonstrating some long-lasting component of the recorded 

gratings, PR polymers discussed in this dissertation do not exhibit sufficient storage ability 

to be interesting for holographic data storage applications at present. However, there are 

numerous possibilities to improve their performance in this respect, ranging from longer 

dark storage times to permanent fixing of the holograms. 

Environmental stability. For several years this has been the Achilles heal of the PR guest-

host polymers of the class described here. Indeed, PVK-DMNPAA polymers with high 

chromophore loading (>40% wt) are prone to phase separation, particularly when exposed 

to high humidity and elevated temperatures. However, there are ways to overcome this 

problem, some of which were described earlier in the text. Particularly, it was shown that a 

slight modification of the same molecule can lead to improved solubility of the 

chromophore in the polymer matrix, resulting in drastically enhanced stability. And, of 

course, fully functionalized or cross-linked polymers will not exhibit any phase separation 
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problems at all, although achieved at the expense of reduced performance, since 

orientational enhancement of the PR effect will not be possible anymore or greatly 

reduced. 

Mechanical properties. Perhaps it would be fare to say that one of the major reasons why 

organic materials conquered the photocopier market is their mechanical properties, readily 

allowing preparation of flexible layers of large area. This advantage of polymers cannot be 

fully realized yet in the case of PR polymers of the type described here. The reason for it is 

that the material becomes brittle at room temperature because of the high chromophore 

loading. However, glassy or oily chromophores will alleviate the problem, not to mention 

fully fimctionalized polymers. 

12.2 Materials and approaches 

From the survey of the organic photoconductors and NLO chromophores presented in the 

beginning of this work it is clear that there exists a tremendous number of possible systems 

that can potentially lead to far better PR materials then those described here. The 

principles of selection of these materials and potentially promising choices are described 

briefly below. 

NLO chromophores. There are a number of molecules synthesized recently that have Pn 

values about 20 times larger than that of DMNPAA. Employing these chromophores in 

the PR polymer design should help decreasing the applied field necessary to achieve high 

diffraction efficiencies. However, this chromophores should satisfy other requirements 

outlined in Section 5.4.3. Besides, even though polymers with new chromophores might 
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have significantly improved nonlinearity, there still remains a problem of significantly 

lower charge mobility and photogeneration quantum efficiency at lower fields that might 

impair the PR polymers ability to fianction at low fields. Another problem in using the 

most efficient NLO chromophores is that improved value is usually accompanied by 

the red shift in the maximum absorption wavelength Xnux. As a result, usable wavelength 

range for PR composites employing these chromophores is shifted farther into the IR, 

presenting difficulties of finding proper sensitizers. 

Photoconducting hosts. Interesting possibilities are offered by poly(silylanes) as well as 

organic conjugated polymer hosts which have high hole mobility. Improving mobility will 

help working at lower fields since charge motion will not be as severely limited as, for 

example, in the case of PVK, potentially allowing field-fi-ee recording. Some work on 

conjugated polymer host has been done over the last several years by Luping Yu and 

coworkers [85], 

Photosensitizers. PVK-TNF is a fairly good sensitiz . -n the visible range. However, as 

was described earlier, photogeneration quantum efficiency drops drastically above 650 nm, 

meaning that it is not suitable for work in NIR, and even not very good for wavelengths > 

600 nm. Although employing compounds related to TNF (such as TeNF and DCMTNF) 

helps extending photosensitivity to the NIR region (up to ~ 900 nm), their 

photogeneration quantum efficiency suffers significant decrease when working at such 

long wavelengths. Furthermore, even when excited in the region of its maximum 

sensitivity (~ 500 nm), PVK-TNF complex has maximum achievable photogeneration 

efficiency of about 0.1. Therefore, finding sensitizers with quantum efficiency close to 1 in 



the NIR region would greatly increase performance and commercial viability of PR 

polymer composites. Potential candidates for that role are phthalocyanines and squaraines. 

In particular, metal-free phthalocyanines were reported to have quantum efficiency close 

to unity when dispersed in PVK matrix, and they also have absorption maximum around 

800 nm, which matches well the wavelengths of the eflBcient GaAs/AlGaAs laser diodes. 

Dopants with multiple functionality. It appears to be quite likely that many organic 

molecules might possess more than one property useful for photorefractivity. For example, 

NLO chromophores designed to have large optical nonlinearities often have just right 

functionality to have good charge transporting properties as well [86]. Using dopants with 

multiple functionality will allow to greatly increase the loading of useful molecules in 

polymer matrix. 

Fully fimctionalizedpolymers. This approach will probably eliminate any concerns about 

the stability of PR polymers. It is also very likely to improve the mechanical properties of 

the polymers as well. To allow for greater freedom of chromophore motion in the matrix, 

polymer hosts with softer backbone might be employed. Particular example of such 

polymer host is the poly(siloxane) family which can include the pendant groups to provide 

all the necessary functionality. 

Traps and longer storage time. In photorefractive materials storage is generally associated 

with trapping of charges. In PR polymers hole traps can be provided by doping with 

compounds having lower oxidation potential. Good hole transporting materials are likely 

candidates for that role. Indeed, it was observed that small amount of TPD in PVK (few 

percent) reduces the carrier mobility by more than three orders of magnitude [87]. 
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Obviously, traps might severely inhibit transport properties of the material, but only very 

small concentrations are needed (~ 10'^ - 10'^ molar %) to produce noticeable storage 

effect, which should not interfere with carrier transport. 

Liquid crystals. Liquid crystals appear to be very tempting to be explored as a basis for 

PR polymer design. Particularly because of very large optical anisotropy observed in them. 

This means that very low electric fields can lead to very large (~ 0.1) refractive index 

modulations, which can eliminate the need in high voltages. Photorefractive effect has 

been already reported in the nematic liquid crystal-based composites [88]. Especially 

interesting appear to be discotic liquid crystals having very high charge mobility (~ 10'^ 

cmW-s) due to columnar stacking of the liquid crystal mesogens [89], Nevertheless, the 

problem of large ionic conductivity, at least partially related to the purity of liquid crystals, 

must be overcome before they can serve as a host for PR composites. 

Dual-layer devices. The idea of separating the photogeneration and transport functions 

between different material layers brought dramatic improvement in performance of 

xerographic devices. It appears that PR polymer devices can also benefit from this design, 

but problems with charge injection and redistribution will have to be addressed. 

To summarize, there is a wealth of possibilities yet unexplored in the design of PR 

polymers. Great structural flexibility of polymers and vast experience accumulated in areas 

of photoconductive and EO organic materials promise a remarkable fiiture improvements 

in such a synergistic field as PR polymers. 
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13. SUMMARY AND CONCLUSIONS 

The design principles of amorphous photorefractive polymers have been outlined 

and the preparation procedure of the mixtures and samples has been described in detail. It 

has been demonstrated that the PVK-based photorefractive polymers doped with the azo 

dye DMNPAA show diffraction eflBciencies as high as T] = 86% in 105 nm thick samples, 

two-beam coupling gain coefficients of more than Fp = 200 cm"', refractive index 

modulations up to Arip ~ 7x10'^, good sensitivity, and reasonably fast response time (~ 

0.5 s) to be used as a recording medium for dynamic holographic interferometry and 

pattern recognition. The photorefractive effect in these materials can be described, in 

general, by the standard model developed for the photorefractive crystals. However, new 

effects have to be taken into account. For instance, it has been shown that the orientional 

effects of the space-charge field on the dye molecules are responsible for the large 

observed index modulations. The effects of polymer composition on the performance have 

been investigated. 

The effect of light diffraction into higher orders on thick gratings in PR polymers 

in Bragg regime has been treated both experimentally and theoretically. It has been 

demonstrated that the efficiency of the diffraction into non-Bragg (higher) orders has a 

very strong dependence on the applied electric field and its polarity, and can reach 

maximum values of ~ 10% for "p"-polarized beams and sufficiently large grating spacings 

(~ 7 |im for 100 |im thick sample). When the diffraction into the non-Bragg orders 

becomes that strong it can not be ignored in data analysis. A model based on the standard 
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PR model of the dynamic self-dififraction in a PR medium in two-wave mixing has been 

developed to describe this effect and an analytical solution for the amplitudes of the first 

non-Bragg orders has been obtained in the approximation of undepleted pump beams. This 

model can be easily extended to describe the higher diffraction orders in other diffraction 

processes such as four-wave mixing. With adequate theoretical description available it is 

possible to use the diffraction into non-Bragg orders as an independent method to 

characterize PR polymers. It has been shown, for example, that the refi^active index of a 

PR composite can be easily measured this way and the asymmetry between the ±1 non-

Bragg orders provides a measure of the PR grating phase shift. It has been shown that 

wavefront phase conjugation and doubling can be performed using the higher diffraction 

orders. Furthermore, proof-of-principle experiments showing the possibility to use non-

Bragg orders in other applications, such as incoherent-to-coherent image conversion, have 

been demonstrated. 

Preliminary time-average interferometry experiments showed good quality 

interferograms of the mode patterns of a vibrating membrane with good fringe contrast. 

The polymers allow the use of inexpensive laser sources, such as laser diodes or HeNe 

lasers for hologram recording. Also, the possible application of PR polymers in optical 

correlators for document security verification has been described and demonstrated 

experimentally. 
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