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ABSTRACT 

This dissertation describes advances in the operational stability and performance 

of polymer composites that used a new hole-transporting polymer matrix, PATPD. Stable 

operation is achieved when PATPD provides the transport manifold because it prevents 

the chromophores to act as hole-traps. Operational stability is combined with video-rate 

compatible response times and with large photorefractive nonlinearities, comparable to 

those obtained with the commonly used hole-transporting polymer PVK. A comparative 

study will show the physical differences and similarities between the two composite 

systems and will reveal the limitations to the dynamic and static response in PATPD 

photorefractive composites. The advances obtained in understanding the impact of 

chromophore aggregation to the photorefractive properties of such composites will be 

presented in the framework of a two-trapping site mode. Numerical simulations of the 

photogenerated current transients and the sensitizer anion build-up will reveal the 

intricate nature of the trap dynamics when chromophore aggregates can act as hole-traps 

in a material. Finally, the photorefractive properties of hybrid polymer composites 

sensitized with CdSe nanoparticles, that currently define the state-of-the-art for the 

photorefractive performance of this kind of materials, will be presented. The operational 

stability of hybrid composites is presented for the first time. The differences with respect 

to behavior observed with organic sensitizers, and the limitations to its performance will 

be analyzed. 
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CHAPTER 1 INTRODUCTION 

In today's world, new demands emerge for acquiring, transporting, processing, 

storing and displaying information in fast, efficient and non-expensive ways. To provide 

solutions to these challenges interdisciplinary research fields including physics, chemistry, 

material sciences and engineering, have been established to develop new materials with 

improved and novel optical and electronic properties. During the last century, critical 

advances in technology have been enabled by the development of inorganic 

semiconductors with tailored properties and device architectures that triggered the 

microelectronic revolution. Recent decades have been marked by an increasing interest in 

the use of organic materials, such as polymers and dyes, in optical technologies. The 

impact of such organic-based technologies can already be seen in the xerographic and 

display areas. However, intensive research is on the way to further expand the range of 

technologies where organic materials will be used in commercial products. 

Organic materials have an enormous chemical flexibility and can potentially be 

manufactured at a low cost. The combination of these two properties has already been 

proven widely successful in the plastic industry. Gradually, as new organic materials with 

improved thermal and chemical stability and performance are synthesized, organics can 

become the materials of choice in a growing number of applications. For instance, 

organic materials are currently used as photoreceptors [1,2] organic light emitting diodes 

(OLED) [3,4] photovoltaics [5,6] photodetectors [7,6] transistors [8,9] solid-state lasers 

[10,11] and for photonic applications [12]. All these devices are attractive not only 

because of their performance, but because they can be patterned on a large variety of 
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substrates, including flexible ones and in relatively large areas, with inexpensive 

techniques such as spin casting, photolithography [13], ink jet printing [14], screen 

printing [15], micromolding [16] and injection molding [17] among others. 

In this context, the photorefractive effect is considered a promising mechanism 

for applications in data storage, image processing, optical computing, etc. and intense 

research has been done to improve their properties and bring them closer to commercial 

products. 

1.1 The photorefractive effect 

The photorefractive effect was first reported has optical damage in 1966 in 

ferroelectric LiNbOs and LiTaOs crystals by Ashkin and co-workers [18] as a 

semipermanent change of the refractive index that was observed when such crystals were 

exposed to intense laser radiation. Although in a strict sense the word "photorefraction" 

may describe any photoinduced change of the refractive index of a material, it is 

generally used to describe a mechanism that involves a particular set of physical 

processes, namely photogeneration, charge transport and trapping, the formation of a 

space-charge field, and the modulation of the refractive index of the material. Therefore, 

to be photorefractive a material must be photoconductive and exhibit an electro-optic 

effect that leads to the modulation of its refractive index by the internal space-charge 

field [19]. In a photorefractive material, the inhomogeneous optical excitation locally 

generates mobile carriers that later redistribute and get trapped in the bulk of the material. 

This process in turn creates a space-charge distribution and a space-charge field that 

closely resembles that of the optical excitation but with a spatial phase shift. The internal 



electric field induced by the space charge distribution referred to as the space-charge field, 

modulates the index of refraction of the material by means of an electro-optic effect such 

as the Pockels or Kerr effects. The non-local nature of the space-charge field is what 

really makes the photorefractive effect so particular and distinguishes from many other 

photoinduced effects leading to a modulation of the refractive index that are in-phase 

with respect to the incoming light distribution. Such effects can have thermal, chemical 

or electronic origins. This non-local nature of the photorefractive gratings allows energy 

to be transferred between two interfering beams, so-called asymmetric two-beam 

coupling, and constitute a fingerprint of the effect. If the coupling is strong enough for 

the two-beam coupling gain to overcome the absorption and reflection losses, optical 

amplification can be achieved. This particular property of the photorelractive materials 

lead to a lot of new applications, including coherent image amplification, novelty filtering 

and self-phase conjugation among many others. Finally, it should be noticed that 

photorefractive gratings are reversible since the same mechanism used for the recording 

process can be used to erase them if the material is subjected to uniform illumination, a 

feature of the effect that may be seen as an advantage or disadvantage depending on the 

particular application for which the effect is used. 

1.2 Photorefractive polymers 

In first approximation the basic mechanism leading to the formation of 

photorefractive gratings in organic materials is the same as in inorganic crystals. Some 

differences exist and will be covered in Chapter 2. Photorefractivity was first reported in 

an organic material in 1990, in a crystal of COANP doped with TCNQ [20,21]. Since 



then, the photorefractive effect has been demonstrated in a large variety of organic 

materials [22] like polymer composites [23], fully ftmctionalized polymers [24], hybrid 

organic-inorganic polymer composites [25], low molecular weight glasses [26], and 

liquid crystals [27,28] among many others. 

Among the large variety of organic photorefractive materials, polymer composites 

have been the focus of the most active research. A typical polymer composite consists of 

a polymer host, usually a photoconductor, which is doped with molecules such as 

sensitizers to provide photogeneration at a desire wavelength, polar chromophores to 

provide the electro-optic response and plasticizers to reduce the composite glass 

transition temperature (Tg) and allow the polar chromophores to contribute and dominate 

the index modulation through their reorientation. Although much larger index 

modulations can be achieved in the so called low Tg (around room temperature) polymer 

composites, strong intermolecular interactions between the polar chromophores tend to 

create aggregation and crystallization problems that at best may reduce if not prevent the 

photorefractive response by a lost of optical transparency at the desired wavelengths. The 

lack of compositional stability was a major concern in the early stages of the research, 

and, to some extend remains an issue. However, improved chromophore designs allowed 

for better compatibility with the commonly used non-polar matrices leading to 

composites that are stable at room temperature over a period of several years. Despite 

these early hurdles, low Tg polymer composites have reached a performance level where 

they compete with their inorganic counterparts. For instance, some materials did exhibit 

some of the largest photorefractive two-beam coupling gain coefficients reported in the 



literature (around 400 cm"' [29]), index modulations around a percent [29]. and 100% 

internal diffraction efficiencies [30] at electric fields below 100 V/|im. However, 

achieving such remarkable steady-state properties usually has compromised the 

dynamical response of the materials. Although response times in the millisecond range 

have been achieved [31,32] the steady-state performance of such fast polymer composites 

still lies behind the state-of-the-art and remains an active area of research. 

Despite these advances, less consideration was given to the changes and 

degradation of essential properties such as diffraction efficiency and response time under 

continuous operation. Such an operational stability is required if a photorefractive 

composite is to be inserted into commercially viable optical systems. The study of such 

effects arising from the continuous operation and the optimization of polymer composites 

that show a stable performance without compromising their photorefractive performance 

will be one of the subjects to which this work will be devoted. 

On the other hand, at the beginning of this work, photorefractive materials were 

successfully produced with a sensitivity within a narrow spectral band from 500 nm to 

870 nm, and until very recently that range was extended to 975 nm [33]. However, the 

fast growth of optical telecommunications and biomedical applications continuously 

demands photonic materials with infrared (IR) sensitivity (at eye-safe wavelengths) that 

can exploit all the advantages that optical technologies have to offer in these fields. The 

development of photorefractive polymers with IR sensitivity (> 900nm) has been 

hindered so far by the lack of organic sensitizers that can provide efficient photoinduced 

charge generation at these wavelengths. Achieving IR sensitivity require sensitizers with 



tunable optical and electrical properties and this is one of the reasons why an attractive 

alternative to the use of organic sensitizers has been the use of semiconductor quantum 

dots as the charge generating moiety in an hybrid organic-inorganic approach. Even 

though quantum dot sensitized materials have been demonstrated at 514, 633 and 1300 

nm, their performance so far has been rather limited with respect to those sensitized with 

organic molecules. Exploring the limitations and the development of hybrid 

photorefractive composites will be the second subject of this work. 

1.3 Organization of the present work 

The work presented in this dissertation will address two of the existing limitations 

identified in photorefractive polymeric materials at the beginning of this work: a) 

understanding the fundamental aspects of the stability of the dynamic photorefractive 

properties and paths of optimization of guest-host polymers; and b) the optimization of 

hybrid organic-inorganic photorefractive polymer composites, attractive candidates to 

expand the spectral sensitivity of organic photorefractive materials. For this purpose 

Chapters 2 to 4 will be devoted to provide an adequate theoretical and experimental 

background to photorefractive research. The existing models for the description of the 

photorefractive effect in polymers will be presented in Chapter 2. A description of the 

existing approaches for organic photorefractive materials and an overview of the state-of-

the-art will be provided in Chapter 3. In Chapter 4, the basic experimental techniques 

used for the characterization of the optical and electro-optical properties as well as those 

used for the evaluation of the steady-state and transient properties relevant for the 

physical description of the photorefractive effect will be described. 
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In Chapter 5, the results obtained in the characterization of the photorefractive 

properties with special emphasis on the stability of a family of guest-host polymer 

composites containing a new electro-optic chromophore and a new hole-conducting 

polymer matrix will be presented. The photorefractive properties and stability of 

operation of such photorefractive devices surpass those of previously reported stable 

photorefractive composites. The study of the stability of operation will be extended to the 

study of the trapping mechanism and dynamical formation of space charge fields in 

photorefractive polymers; such studies reveal the origin of the trapping sites in such 

systems and provide a valuable insight for further optimization. The third part of chapter 

5, will describe the results on the optimization of a CdSe sensitized photorefractive 

polymers. The photorefractive properties of a material with unprecedented properties and 

the limitations encountered in such materials will be discussed. 
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CHAPTER 2 PHYSICS OF THE PHOTOREFRACTIVE EFFECT IN 

AMORPHOUS ORGANIC MATERIALS 

As discussed in the previous chapter, the photorefractive effect involves a 

succession of various physical processes that, when combined in a material under 

inhomogeneous illumination, result in a non-local photoinduced modulation of the 

refractive index. Such processes include the photogeneration of mobile charge carriers, 

their transport and trapping leading to the formation of a space charge field which in turn, 

creates an index modulation. These processes on a basic level are the same in both 

inorganic crystals and organic amorphous materials. However, major differences arise as 

the physical picture develops to take into account the particular properties of each group 

of materials. Photorefractive polymer composites are amorphous organic materials in 

contrast with inorganic crystals that are periodic. The physical description of the relevant 

properties and processes for the photorefractive effect are the subject of this chapter. 

2.1 The photorefractive effect 

The most basic description of the photorefractive effect can start by considering 

two coherent optical fields interfering inside a photorefractive material. For simplicity, let 

us consider the optical fields of two linearly polarized monochromatic plane waves 

propagating inside the material at angles ±0 with respect to a direction defined as the Z-

axis. The interference of such optical fields yields a time-independent irradiance 

distribution along the laboratoiy X-axis that can be written as [34] 
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Figure 2-1. Steps leading to the formation of photorefractive gratings. 

/(x)=/(,|l+ m cos {in xj A)] , (2.1.1) 

where Jo = /i + h is the total incident irradiance, w = 2 («i •e2){hl2)^^l{I\ +h) is the fringe 

visibility, i\ and are the unit polarization vectors of the beams and A the grating 

spacing, given by 

lo A=-
2«sin<9 

(2.1.2) 

where M is the optical wavelength in vacuum and n the index of refraction of the material. 

A typical grating spacing used for material evaluation has a value in the range of a 

fraction to a couple of tens of micrometer. 

Upon optical excitation, in the illuminated regions of the material absorption of 

photons populates the excited electronic states of the absorbing species that can lead to 

the generation of unbound pairs of electrons and holes, represented in Figure 2-1 as 
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positive and negative charges respectively. The dissociation process leading to the 

formation of such unbound charge pairs is different in crystalline and in amorphous 

solids and will be discussed in detail in section 2.2. For simplicity, let us assume that 

holes are the only mobile charge carriers in the material. Such an approximation is in fact 

plausible since in most organic amorphous materials transport is either unipolar or the 

mobility of one carrier species is several orders of magnitude bigger than that of the other 

one [35]. After being created, the mobile holes migrate towards the dark regions, by 

diffiision due to a concentration gradient, and drift if a static electric field Eo is applied. If 

transport is dominated by diffusion, carriers migrate in both directions along the X-axis. 

In contrast, drift will produce carrier migration in one direction determined by their 

polarity and the direction of the electric field. In any case, as carriers move towards the 

dark regions, a reduced conductivity and the presence of traps, which prevent charge to 

keep participating in transport for some period of time, allows the creation of an 

inhomogeneous space-charge distribution p(x), which induces an internal space-charge 

field, Esdx). The connection between the space-charge distribution in a material with 

dielectric constant Sdc, and the electric field induced by their presence, is established via 

Poisson's equation [36]; in its one dimensional form written as 

dE^{x)_ p{x) ^2.1.3) 
dx ' 

It's worth noticing that the non-local nature of the photorefractive effect is inherent to 

this derivative relation as much as it is to the transport of carriers within the material. The 

photorefractive effect is finally accomplished by a modulation of the refractive index (A«) 
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that is in phase with the space-charge field, and has a spatial phase difference O with 

respect to the irradiance distribution. The electro-optic properties of the material enable 

the response to the presence of a dc- or low frequency electric field. The Pockels electro-

optic effect and optical birefringence are the two mechanisms relevant to the 

photorefractive effect in polymer composites and will be discussed in detail in sections 

2.5 and 2.6. 

2.2 Photogeneration In organic amorphous materials 

The first step in the formation of photorefractive gratings is the photogeneration 

of free charge carriers. This process depends strongly on the forces dominating the 

cohesion of the molecules inside the material and in its structural properties. For instance 

in organic materials, molecules are typically held together by weak interactions, such as 

van der Waals forces or hydrogen bonds [37]. These interactions leave most electronic 

states of the isolated molecules relatively unchanged when embedded in the solid. In 

amorphous materials, the absence of long-range order further prevents the formation of 

the extended electronic states that ultimately give rise to the band structure observed in 

inorganic crystals. 

In an amorphous organic photoconductor, upon absorption of a photon an electron 

is promoted to an excited state to form a neutral exciton that serves as a precursor for the 

generation of free charge carriers. However, exciton dissociation is severely impaired by 

the small screening of the Coulomb attraction, thus by a strong exciton binding energy 

that results from the small dielectric constants typically found in such materials (around 2 
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to 9). Under the influence of an electric field the ionization energy of the two charges 

bound by their mutual Coulomb attraction is reduced [38] by an amount 

AU = 
/  -  \ l /2 

< e 'E ^  

V ̂  J 
(2.2.1) 

In principle, this field dependent reduction of the binding potential, as described by 

Frenkel [38], allows thermal dissociation of the exciton pair and leads to the generation 

of free charge carriers. Although conceptually simple, in general this description does not 

accurately describe the temperature and field dependences of charge generation since 

exciton dissociation occurs in a large number of possible scenarios that depend on the 

particular structure of the material. For instance, among other processes, dissociation of 

excitons can occur via [39,40]: a) dissociation at an electrode/semiconductor or 

semiconductor/semiconductor interface, b) dissociation due to the interaction with 

trapped carriers, c) dissociation due to a complete electron transfer taking place in 

intermolecular charge transfer complexes or d) an autoionization via intramolecular 

charge transfer between donor an acceptor moieties of a molecule. Such processes can be 

classified as extrinsic (a,b,c) or intrinsic (d). The temperature and field dependences in 

the case of intrinsic photogeneration have been successfully described using the model 

developed by Onsager [41] in the context of ion dissociation in weak electrolytes. 

Onsager's model is based on the assumption that charge photogeneration occurs 

via thermal dissociation of an intermediate charge state resulting from the thermalization 

of the exciton leading to the formation of an electron-hole pair held together by its 

Coulomb attraction (geminate pair). The dissociation probability is then found by using 
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Smoluchowski diffusion equation describing the Brovvnian motion of the geminate pair 

under the influence of their mutual interaction, and an applied field. If the pair separation 

reaches zero, the model considers that the pair disappears undergoing geminate 

recombination. Under this assumption the photogeneration efficiency is calculated as 

where ^ is the quantum yield, this is the fraction of absorbed photons that results in a 

thermalized geminate pair, P(r,E,T) is the dissociation probability of geminate pairs 

separated by a distance r under an electric field E and at a temperature T, and g(r) is the 

initial spatial distribution of the geminate pairs. The integral is simplified if it is assumed 

that the spatial distribution of the pairs is spherically symmetrical and that all pairs are 

separated by the same distance ro after thermalization, hereafter known as the 

thermalization length. Therefore, by assuming g(r) = (4^jrr^)'^^r-ro) the equation (2.2.2) 

is reduced to ^ = <^(ro,E,T). The dissociation probability- can be approximated 

numerically [42] and the photogeneration efficiency is then written as 

^ir,EJ)=^, f4^r' P{r,EJ)g{r)dr, (2.2.2) 

^(ro,£,r)=4 i-r'X4,«4(0 , (2.2.3) 

where the coefficients A„(x) are defined through the recursive relations 

(2.2.4) 

and 

4j(^)=l ~exp(-x) . (2.2.5) 

The parameters of the series s; ^are defined as 
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r, = , (2.2.6) 
]c T T A'TtP p k T 

where e is the elementary charge and kn is the Boltzmann constant. In contrast with the 

series originally developed by Onsager, this nimierical approximation only requires the 

first ten to twenty terms to provide good convergence [42]. 

Onsager's model has provided a fair description of the photogeneration process in 

a large range of intrinsic photoconductors. However, when the model has been applied to 

extrinsic photoconductors such as solids containing electron donors and acceptors, it 

leads to unreasonably large thermal ization lengths (2-3 nm) inconsistent with the nearest-

neighbor electron transfers expected from spectroscopic studies, where typical 

intermolecular distances are around 0.5nm [43]. 

These discrepancies were recognized and addressed by Noolandi and Hong [44] 

and later by considering a special case of their more general model by Braun [43], who 

developed a kinetic model that identified the geminate pairs with an electron transfer 

state having a finite lifetime in the nanosecond range and formed by direct optical 

excitation, or when a neutral donor (acceptor) excited state encounters an acceptor (donor) 

in its ground state. Both models recognized the unrealistic assumption of an 

instantaneous recombination rate assumed in Onsager's model by requiring annihilation 

of a geminate pair at zero distance. The recombination process requires the dissipation of 

energy into the vibrational modes of the material, which can not happen instantaneously. 

A weakness in all models, already recognized by Noolandi and Hong, is the 

assumption of field independent rates for the creation and recombination of geminate 
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pairs. An attempt to develop a model that incorporated semiclassical electron transfer 

theories [45,46] for the description of such rates, was introduced by Wang and Suna [47] 

in the case of a photoconductor consisting of PVK doped with fullerene molecules. The 

properties of this photoconductor, particularly attractive for the photorefractive research, 

will be described in Chapter 3. This new model addressed the diffusion problem by 

considering the current density describing the separation of holes and electrons to be 

given as 

f  
J (r)=- D V/.(r) - /i E(r)/>(r)=-D Vp(r)+~VF(r)p(r) . (2.2.7) 

k,T J 

where D = ksTfile is Einstein diffusion constant, n is the mobility given by the sum of the 

electron and hole mobilities, /?(r) is the electron-hole pair distribution function, and V(r) 

the potential considering the Coulomb interaction and the electric field 

V(r )= ^^-E(r)-z . (2.2.8) 
^O^DC I j 

Conservation of charge leads to a steady-state transport equation for the pair distribution, 

given by 

V-l(r)-mp(r)=s(T) , (2.2.9) 

where /?(r)is the recombination rate, A(r) the rate of pair creation, proportional to the 

rate of creation of excited states, >vo- Expressions for and s are then derived using 

Marcus theory [45], where the charge-transfer rate is described as 

{E^-E,+A) 2 ^ 
k,. . . .  =Kex.,  
^ 1 UkgT 

(2.2.10) 
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where v is the transfer integral. A the reorganization energy that describes the electron-

phonon interactions in the initial and final states, and Ei and Ef are the energies of the 

initial and final states respectively. The photogeneration efficiency thereafter is obtained 

as the ratio of charge flux escaping to infinity to the excited state creation rate: 

where n is the normal vector to the surface O, enclosing all of the excited states. 

Equations (2.2.7) to (2.2.10) were solved numerically and good agreement with the 

experimental data was obtained. However, the use of a complex numeric approach limits 

the applicability of the model since no rapid comparison between its predictions and the 

experiments can be made. Although this model is based on more realistic assumptions, it 

is clear that a more satisfactory description of the photogeneration process is still required 

in the context of polymer composites. 

2.3 Transport 

In highly disordered materials such as amorphous organics, charge transport 

occurs through a succession of individual hopping events between energetically available 

sites. This hopping process is characterized by an electron-transfer reaction between 

nearest-neighbors that is field-assisted and thermally activated. In particular, in polymer 

composites hole or electron transport occurs by a charge transfer between states, i.e. the 

highest occupied molecular orbitals (HOMO) or the lowest unoccupied molecular orbitals 

(LUMO), of molecules associated with donor or acceptor functionalities. For instance, in 

a hole transport material charge hopping occurs through a manifold of states associated 

(2.2.11) 
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with neutral donor molecules that in the presence of an electric field may transfer an 

electron to positively charged molecules (cation radicals) thus resulting in the movement 

of the hole. In contrast, in an electron transport material, the transport manifold is formed 

of neutral acceptor molecules that under the influence of an applied field can take an 

electron from negatively charged molecules (anion radicals). These processes usually 

lead to unipolar transport. 

The early descriptions of hopping transport in amorphous materials where done 

on the basis of the field-induced reduction of the Coulomb potential barrier as described 

by Frenkel in the context of photogeneration [38]. Empirical equations for the mobility 

were developed with a Poole-Frenkel [38] dependence with the general form [48]: 

where Ao is the activation energy, p and Tm are constants experimentally determined. 

However, Poole-Frenkel models are based on a physically unrealistic assumption that 

requires Coulomb traps at each hopping site. 

Among the large variety of models developed in the past [35], the disorder 

formalism introduced by Bassler and co-workers [49-52] has gained large acceptance in 

describing transport in a variety of amorphous organic materials such as polymer 

composites, main chain and pendant group polymers, and molecular glasses. 

The disorder formalism assumes that in amorphous materiaJs, the loss of long-

range order creates a manifold of localized states with superimposed energetical and 

positional disorder. The energy distribution of hopping sites is assumed to follow the 

inhomogeneous broadening typically observed in the absorption spectra of polymers and 

(2.3.1) 



organic glasses [35], and therefore can be described by a Gaussian distribution with 

standard deviation o. Positional disorder is assumed to result from the local variations of 

electronic coupling between nearest-neighbor hopping sites randomly distributed over 

space, and is described with the parameter S. Furthermore, the model assumes that 

coherence is lost after consecutive hopping events. Therefore, each hopping event is 

treated as statistically independent. The hopping rate Vy between sites i and j, with site 

energies Si and £} respectively, is assumed to be given by the Miller-Abrahams form[53]: 

( A D \ 

V, =Voexp 
V 
-lya^ 

a 

exp 
k,T , (2.3.2) 

1 ;£j<£,  

where vo is a prefactor, y is an inverse wave fimction decay constant, a is the average 

lattice constant and My—| RrRj | the intersite distance. The Miller-Abrahams form was 

originally developed to describe charge hopping in crystalline materials [53]. In crystals, 

charge transport typically occurs through the highly delocalized modes in the conduction 

band. However, the presence of high concentrations of trapping sites leads to charge 

transport characterized by trapping and detrapping events that closely resemble a charge 

hopping mechanism. It is worth pointing out, that implicit in the Miller-Abrahams form, 

it's assumed that charge hopping from high to low energy sites is not restricted by any 

condition for dissipating the energy difference between them, and that such downward 

jumps are not affected by the presence of an electric field. Therefore, effects arising from 

strong charge-phonon coupling are neglected. Monte Carlo simulations [54] of the 

hopping process as described above, resulted in a mobility given by 
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Mi?,n=A,exp 

~ 
' V A 2 

z a 
exp C 1 M

 gin 

J 
exp (2.3.3) 

where /ib is a mobility prefactor and C an empirical constant with a value of 2.9 x 10 

(cnW)"^. 

The disorder formalism has been used to describe the electric field and 

temperature dependence of the mobility in photorefractive polymer composites [55] and 

the role of randomly oriented dipoles (provided by the presence of chromophores) 

described on the basis of two statistical independent contributions [56-58]: the usual Van 

der Waals contribution avdw and a dipolar contribution an with a general form 

c"p 

sa'" 
(2.3.4) 

„ 2 _ „ 2  , 2  

where p is the dipole moment of the dopant molecules, s the dielectric constant, c is the 

concentration of dipoles, a is the average intersite distance, and Ao, « and m are constants 

which values differ within the models [56-59]. Given the statistical independence of the 

contributions, total width of the energetic disorder is then calculated as 

(2.3.5) 

There is also experimental evidence [55,60] showing that the dipolar disorder also 

affects the off-diagonal disorder parameter Z. However, no model has yet been produce 

to describe the observed effects and to provide a consistent physical description of the 

effects produced by the presence of highly polar molecules in such polymer composites. 

The disorder formalism provides good agreement with experimental data 

provided cr, and Z are regarded as fitting parameters. However, in particular for 
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molecularly doped polymers, recent theoretical work raised doubts on whether the values 

of a calculated through the model represented the actual width of the distribution of 

states. A further refinement of the model was carried out through extensive simulations of 

a three dimensional disorder model that considered spatial correlations due to charge-

dipole interactions [59,61]. Such simulations yielded the following expression for non-

dispersive transport: 

fi{E,T) = 
J <7 

Co — 

5 i- T V % > 
exp- Co 5 i- T V % > 
exp-

f  ^3/2 
a 

ykgT J 
- r  'f1 

1/2  

(2.3.6) 

where a is the minimal charge-dipole separation and can be regarded as the size of a 

cubic lattice with randomly oriented dipoles at each vertex; /'characterizes the geometric 

'y 
disorder and can be regarded as analogous to E , Co has a value of 0.78 and e is the 

elementary charge. Such form, seems to be supported by the development of an analytic 

effective-medium theory [62] which used a modified expression for the jump rates to 

describe charge transport in weakly disordered materials within the framework of the 

disorder formalism, and later expanded its approach to describe non-dispersive transport 

in materials containing traps [63], a situation greatly underlooked in the literature [64]. 

As the hoping probability play a central role in all the models, it is to be expected that 

further developments [65] may consider the inclusion of a more realistic physical 

description such as Marcus charge transfer theory [66]. 

It should be clear from the previous discussion that the study of the transport 

properties of disordered organic materials is still an active area of research and that no 
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model has yet been derived to consider transport in a complex system like a 

photorefractive polymer composite, where traps and strong polar dopants are present. 

2.4 Space charge field formation in amorphous organic materials 

2.4.1 Static solutions for the space charge field formation 

The first comprehensive theoretical model for the formation of the space charge 

field in a photorefractive material was introduced by Kukhtarev and co-workers [67,68]. 

The model is based on rate equations that describe the redistribution charges on a wide 

gap semiconductor with a single impurity level subjected to a periodical irradiance 

distribution as described by equation (2.1.1). Kukhtarev's model produced good 

agreement with the experimental results obtained with inorganic crystals and became 

widely accepted. For a hole-transporting material, in the limit of week illumination, low 

fringe visibility (?n«l) and negligible dark conductivity, the basic result produced by 

Kukhtarev's model is the algebraic expression for the complex first-order Fourier 

component of the space charge field once steady-state has been reached: 

£ = £ = (2.4.1) 

where Eq is the projection {E^ =E(,  -k)  of the applied field in the direction of the unit 

grating vector ( k - K/|K1 ), and Ed and Eq are the diffusion and trap-limiting fields 

defined as 

, (2.4.2) 
Ae 
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Figure 2-2. Physical processes considered in Schildkraut's one-trapping model. 

and 

'~2nes '  
(2.4.3) 

where iVg^ is the effective trap density. The spatial phase shift of space-charge field is 

provided by the phase of complex space charge field calculated from equation (2.4.1). 

The first model for the formation of space-charge fields in the context of 

photorefractive polymers was presented by Schildkraut and co-workers [69.70], 

Schildkraut's model can be considered a direct analog to Kukhtarev's model in the sense 

that a single trapping level and unipolar charge transport are assumed. A schematic 

representation of the processes considered by the model is given in Figure 2-2. The 

modified set of non-linear equations describing the space charge field dynamics is given 

by 
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dp _ as- dT 1 a/ 
(2.4.4) 

Of 5 /  d t  e  dx '  

(2.4.5) 

^=rT^-r)p-pr , (2.4.6) 

dt 
(2.4.7) 

(2.4.8) 

where p is the free charge (hole) density, J is the current density, S and T the total density 

of sensitizers and traps respectively, S the density of sensitizer anions, T the density of 

filled traps, p. the mobility, D is Einstein's diffusion coefficient, / is the irradiaiice as 

given by equation (2.1.1) and s the photogeneration cross section. In writing Eqs (2.4.4)-

(2.4.8), no assumptions have been made with respect to the functional form of the field 

dependence of the trapping, detrapping and recombination rates and in contrast with the 

original work, equations have been written in a dimensional form. 

The major modification introduced in Schildkxaut's model is to consider a field 

dependent photogeneration efficiency, mobility, recombination and trapping rates. For 

the photogeneration efficiency and mobility, most models provide rather complex field 

dependences to be included in the model. However, for fields between 10 to 100 V/p-m 

reasonable approximations to the field dependences can be made by [43,48,69] 
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^(£)oc s{E)  = s,E' '  

exp{c[£'''-Ao/Z?]} ^ ^ 

where, as before, Ao is the activation energy and ,v„ p, S and C are constants determined 

experimentally. In the limit of low absorption the free-hole density is much smaller than 

the trap density, the photogeneration efficiency and cross section are related through the 

equation: 

s(£)=^«>(£),  (2.4.10) 
S hto 

where a is the absorption coefficient, h is the Planck constant, (o the light frequency and, 

as before, 5" the steady-state concentration of ionized sensitizer molecules. 

In Schildkraut's original paper, recombination and trapping rates were assumed to 

follow Langevin theory, applicable when the trapping or recombination sites are initially 

charged so that the probability of interaction is dominated by the strong Coulomb 

attraction between the free charge and the trapping or recombination site. In this case, the 

rates of recombination and trapping can be expressed in terms of the mobility as 

r=/r=^^- (2.4.11) 

Although Langevin theory may describe the recombination process between the 

positively charged hole and a sensitizer anion, it's not likely that it will accurately 

describe the trapping process since in photorefractive polymers the trapping sites are 

either conformational in nature or neutral molecules with lower ionization potential than 

the transport manifold. Thereafter no particular assumption on the functional form of 

such parameters will be made. 



42 

The linearization of the equations (2.4.4) to (2.4.8) is achieved by considering 

solutions of the form: 

C = Co+Ci exp(iKx) (2.4.12) 

where ^ = p, T, pi, yf, \ and and Q are the zero-order and first-order Fourier 

components respectively. After an extensive amount of algebra [70], an expression for 

the steady-state first order component can be derived for the case of deep traps (fi= 0). 

The steady-state complex space charge field is then written as 

EAE^ -  iEr,) 
E, = E^ = -mA — , (2.4.13) 

where m, Ed and Eq are defined as in the Kukhtarev model, and the rest of the "fields" 

defmed by [71] 

sJJ{S-T-p,)  

YTp^iT + p^){S-T) 

E = ^ rrP,{T + p,)i^S-T) (2.4.14) 
' s,s^Ks,IJ + r,p,{S-T) 

^ E 1+-^ \E, 
V ^0 

^2 -^0 + 
F E, 

where 

E, = and E„ =-CEl ' \  (2.4.14a) 
2 
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Figure 2-3. Field dependence of the space charge field and grating phase shift as 
predicted by Kukhtarev's (thin lines) and Schildkraut's (thick lines) model. For the 
calculations a trap-limiting field £^=10 V/{im, a diffusion field jEij=0.05 V/|im and p=2, 
typical in the literature, were used. 

Equation (2.4.13) can be simplified if the following approximations are made; a) 

diffusion is negligible at large fields, Ed = 0; b) the mobility exhibits weak field 

dependence, i.e. C ^0 => <^0; c) po« T < S and solg < frT A »1 and Ej «0. 

These approximations yield 

-*0 with E„ = (2.4.15) 

These equations allow a direct comparison with respect to equation (2.4.1) if the 

diffusion field is neglected. In the past, Kukhtarev's model has been applied even in the 

context of photorefractive polymers; however, it is clear from the former equations that 

Kukhtarev's model yields only an upper limit to the strength and phase shift of the space 
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charge field produced in a photorefractive polymer, although the more general features of 

the field dependence are conserved. To illustrate this point, the values for the strength and 

phase shift predicted for both models are shown in Figure 2-3. For this evaluation, the 

diffusion field was not neglected but the rest of the approximations leading to equation 

(2.4.15) have been used. 

2.4.2 Temporal evolution of the space charge field 

Schildkraut's model has also been used to describe the temporal evolution of the 

space-charge field in certain limiting cases for the grating erasure process in a material 

containing; a) no traps, b) deep inactive traps (no detrapping), c) deep traps but allowing 

optical detrapping, and d) shallow traps. An analytical solution for first-order Fourier 

component of the space-charge field was derived by Cui and co-workers [72]. Using a 

similar approach. Yuan and co-workers [73] derived a kinetic differential equation for the 

formation of the space-charge field as a function of the light intensity and the grating 

spacing, first for the case of no trapping and in later papers [74-76], for the cases of deep 

traps (high and low density) and to consider moving gratings driven with a periodic force 

at an arbitrary frequency. Despite the attractiveness of such theoretical work experimental 

studies are still needed to asses the validity of their numerical results. 

Besides the restricted experimental situations where the models are valid, the 

static and dynamic solutions for the models all share a common limitation in that a large 

number of material parameters need to be known before any quantitative evaluation can 

be made. Information about the mobility, the photogeneration efficiency, trapping and 

detrapping rates is required and not always easy to gather experimentally with the 
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existing techniques. However, recently it was demonstrated that a systematic analysis of 

the temporal dependence of the photoelectric properties of a material can produce enough 

information to describe the dynamic evolution of the space-charge field. This approach 

was first presented by Ostroverkhova and Singer [77] and recently modified by 

Kulikovsky and co-workers [78]. 

As depicted in Figure 2-4, Ostroverkhova's model expands the one-trapping site 

approach proposed by Schildkraut to acknowledge the more realistic situation of having 

two well-defined trapping levels: one regarded as the deep trapping level already 

considered in previous work, and a second regarded as a shallow trapping level; a 

situation already observed experimentally in a variety of photorefractive polymers 

[32,55,72,79,80]. 
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Figure 2-4. Schematic representation of charge redistribution in the two-trapping site 
model considered by Ostroverkhova and Singer. 
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The modified set of nonlinear equations considered by the model is written as 

dp^dS- dT^ dM^ IdJ 

dt dt dt dt e dx' 

dx ' 

^=7,(r-r)p-^,r, (2.4.16) 
ot 

ot 

~=si(s-s-)-rS-p 

where T and Mare the total density of shallow and deep traps respectively; r* and ht the 

density of filled shallow and deep traps respectively; fir the thermal shallow-trap 

detrapping rate and Pm the thermal deep-trap detrapping rate. The rest of the parameters 

are defined as above and equation (2.4.8) should also be considered in the model. Notice 

that the model assumes a single trapping rate yr for both shallow and deep traps. In 

contrast with previous models, the thermal detrapping rate for the deep traps was 

considered non-zero but required to be at least one order of magnitude smaller than that 

of the shallow traps. The parameters .v, yU, y, have the following functional dependence: 

s{E) = s(,E^){E/E^y 

ME) =/<{£„,)exprc, (£'" - E;̂ ' )' 

r(E)^r(.E^)cxp[c^{E"'-Ei:})] 

rAE) = rr(£„/)exp[c, (£'" -
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Following a Fourier decomposition approach similar to the one used by Schildkraut and 

Cui [70], equations (2.4.16) can be separated in those governing the zero-order (uniform 

illumination) and first-order (spatially varying illumination) parameters. In contrast to 

previous work, this is achieved by considering temporal dependent solutions of the form 

C = 4'o (0 + (^„ (/) cos(Alv) + Q(0 sm(Kx)) . (2.4.18) 

After substitution of ^ for p, M' ,  T ' ,  S  and J into the set of equations (2.4.16) and 

(2.4.8), the system of equations for the zero-order and first order components can be 

obtained. 

The zero-order system of equations describing the temporal evolution under 

uniform illumination is given by 

= Xt (K (O] a (0 - PrK (!), 

= y, (£.) [Af - (r)] ft (0 - , (2.4.19) 

=Jo («. K [s - s." w] - r(«. )sao A ('). 

Further simplification of this system of equations can be made to consider the 

limi t i ng situations for a trap-unlimited regime (S«T, Af) or a trap-limited regime (i.e. 

M<S<T). In any case, this system of equations can be solved numerically for Pait),T^ (0? 

(/). S~ {t) if the relevant rates are known. As will be described in Chapter 4, all the 
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parameters relevant for the description of the temporal evolution of the space-charge field 

can be obtained through time resolved photoconductivity experiments. The knowledge of 

such zero-order components allows solving numerically for the temporal evolution of the 

first-order components. 

Before giving the system of equations for the first order components, let us notice 

that in writing them, it is necessary to consider that equations (2.4.17) acquire a spatially 

varying part upon formation of the space-charge field. Following Schildkraufs approach 

[70] these parameters can be written as: 

where £, = , (/) cos (Ax) + £,2 (/) sin(Ajc) in accordance to equation (2.4.18). 

The system of equations describing the temporal evolution of the first order 

Fourier components is given by 

M£,) = M4)[I + (1'2)C,£;"£,] , 

K£,) = r(4)[l + (l/2)C,£r£,], 

rr(£,) = r,.(£j[l+(l/2)Cr£:=£,], 

^ = -^\{\ + ̂ E'Ap.En-Kpn-Kip„ ,  
dt s,s _[ 2 ) 
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dt 
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12 
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~~ ['^'^0 /^O ] '^12 A 2 

£ 2 ^12 ' 

(2.4.20) 

•£•11 5 

where ^ = A:gT/e, notice that T refers to the temperature in contrast with T denoting the 

total density of shallow traps. This model has produced good agreement with the 

experimental results and offers a deeper insight into the exposure-dependent 

photorefractive properties compared to those previously reported in the literature [77,79-

82]. 

Although four-wave mixing and two-beam coupling experiments are customary in 

the characterization of the photorefractive properties of new materials, the 

characterization of the photoelectric properties has drawn less attention in the literature, 

and only until recent years a better understanding of the photoconductivity and their 
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implications to the photorefractive properties have been achieved. However, a number of 

issues still need to be addressed to asses the factors contributing to the dynamics of the 

space-charge field and the photorefractive properties. For example, in all previously 

described models, with exception of Schildkraut's original paper, the material was 

considered to be infinite and no boundary conditions were used such as to consider the 

effect of having blocking or ohmic contacts. The models are limited to low fields (less 

than 50 V/j^m) because effects such as grating bending [83], fanning [84], and grating 

competition [85] are commonly encountered. Possible etfecLs of chromophore 

reorientation in the formation of the photorefractive gratings [86] are also neglected in 

these models. 

2.5 Macroscopic linear and nonlinear optical effects 

2.5.1 Linear optical properties 

Maxwell's equations are the basis for the description of any interaction between 

light and matter. Light is an electromagnetic wave described by an electric field E(r,t) 

and a magnetic induction field B(r,t). In MKS system of units they are written as 

V-D=/? ,  (2.5.1) 

(2.5.2) 

(2.5.3) 

V - B  =  0 ,  (2.5.4) 
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where p is the density of free charge and j the current density. The electric displacement 

field D and the magnetic intensity field H are defined trough the constitutive relations 

D = ffoE + P , (2.5.5) 

+ (2.5.6) 

where P is the polarization and M the magnetization. Magnetic media will not be relevant 

for the material properties to be discussed; thereafter nonmagnetic materials are assumed 

here. 

Assuming a linear, nondispersive, homogeneous and isotropic material, P and j 

are related to the electric field through the equations 

(2.5.7) 

J = (TE , (2.5.8) 

where x is the electrical susceptibility and cr the electrical conductivity. The electric 

displacement can be directly related to the electric field by the dielectric constant, defined 

through equations (2.5.5) and (2.5.7) as 

+ (2.5.9) 

Through algebraic manipulation of equations (2.5.1) to (2.5.4) the propagation equation 

for an electric field in a dielectric media can be written as 

a 'E_ d'v 
d t -

(2.5.10) 

The role of the polarization as a source term for the propagating electric field 

depicted in this equation is central in the description of all optical phenomena. Refraction, 

double refraction, absorption and dispersion can all be understood by describing the 
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polarization induced in the material. For instance, refraction results from assuming that 

the electrical susceptibility is a real constant and by defining the index of refraction n, as 

n'=l + z- (2.5.11) 

If the fundamental relationship £&/% = c"' is used, where c is the speed of light in 

vacuum, equation (2.5.10) can be rewritten as 

V^E-^0=O, (2.5.12) 
c~ dr 

which is the recognizable form of a propagating wave with a phase velocity u - cin. In 

the context of linear optics, the most general representation of the electric susceptibility 

should be done as a second-rank tensor with nine complex elements. Therefore, in 

Cartesian coordinates the i component of the polarization is given by the more general 

relation 

f, =«.!;!',J E, . (2.5.13) 
J 

A word of caution should be said in that to write the above relation in the time 

domain, an instantaneous response of the material has to be assumed. In reality, the 

response can not be instantaneous and a causality relation should be applied. This results 

in that the polarization should be expressed through a convolution in the time domain 

between the susceptibility and the electric field. However, the direct product is correct if 

the tensor j and E are written in the frequency domain. 



2.5.2 Nonlinear optical properties 

Having established the central role of the polarization in the description of the 

linear optical phenomena is not surprising that nonlinear optical effects are described by 

means of a nonlinear polarization given in the frequency domain as 

Pj —Sq T,x!fEj*-ZxS.EA + •  

J # Jid 

(2.5.14) 

where the linear susceptibility tensor has been relabel as xfj 5 z!jl is the second-order 

susceptibility and is a third-rank tensor with 27 elements, the third-order susceptibility 

is a fourth rank tensor and so on. As would be expected from the propagation 

equation, the addition of each new term in the polarization gives rise to a whole new set 

of optical phenomena. For instance, the second-order susceptibility is responsible for 

second-order effects such as second-harmonic generation, sum and difference frequency 

generation and the Pockels electro-optic effect. Whereas, the third-order susceptibility is 

responsible for effects such as third harmonic generation, two-photon absorption, optical 

Kerr effect and Raman scattering among many others [87]. 

While all materials show third-order nonlinear optical effects, only non-

centrosymmetric materials are able to display a second-order response. This symmetric 

requirement can easily be understood by considering that in a centrosymmetric material 

or with an inversion symmetry, the polarization induced by a field pointing in one 

direction P(E), and the one induced by other field pointing in the opposite direction P(-E), 

should be the same but opposite in sign P(-E) = -P(E). Applying this condition to 

equation (2.5.14) it is easy to realize that mathematically it can only be fulfilled 
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if s 0.. In non-centrosyminetric materials, the molecular dipoles are aligned in a 

particular direction thus are anisotropic, however it should be noticeid that an aiiiMtropic 

material doesn't necessarily shows seeond-ofder effects since centrosymmetric 

anisotropic materials exist siicb as nematic liquid crystals^ where in memge Mf of the 

moleciiies are pointiag in the positiw direction and the other half in the negative 

direction. 

Finally it should be said that the small typical values of the nonlinear 

susceptibilities makes nonlinear optical effects relevant only the strength of the 

fiel& iBwiTOl affJFoaches that of the typical iatemal electric fields encountered in atoms 

and molecules, in the iBiige of lO'® V/m. 

2.5.2.1 Electro-optic effects 

An elecfro-optic eifect is a change of the refiactiYC index in ieq)oa« tO' a dc or 

low lieqaeaKy el«Me field. If the icfra:ti,¥e iirfex changes inearly with respect to the 

electric field the effect is refenei: to as. a P«:kels electro-optic effect. If the is 

ia tie eiafric field, tlie effect is refefred to as a Kerr electro-optic effect. 

The Pockels effect can be described thwiigii a sgcoMi-osfa' Jic»iiie«' 

term given by 

P,((o)=2 ®+0)£/«PsCi), (2.5.15) 
jt  

tiKwfore, oiiy noa-eeMrosyminetric, aiisotropic materials will present an electro-optic 

response. For an anisotropic mat&M, Hw irfex of refi»tioii is ifcwritei by i» index 

ellipsoid, written as 
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(2.5.16) 

where Xij are the coordinates in an arbitrary reference frame. The connection Isetween the 

index elipsoid and Hie nonlinear polarization is made tiroiigli the electric displacement 

field by defining the impermeability tensor fj as 

7l=e'̂  => , (2.5.17) 
J 

thereafter, equation (2.5.16) can be rewritten as 

(2.5.18) 
V 

In terms of equation (2.5.5), the electric displacement field is written as 

D=£oE+P®+P^'^=(£=® +A£)E=^E , (2.5.19) 

where is defined through equation (2.5.9) and IS£ through equation (2.5.15) given as 

. (2.5.20) 
k 

In analogy to equation (2.5.19), the impermeability can also be separated in a linear 

component and a correction term arising from the electro-optic contribution to the 

polarization, therefore 

+Af} => Aff  = r:E(0)  . (2.5.21) 

here, r is a third-rank tensor called electro-optic tensor. After some algebraic 

manipiiatioii, the coiHiection twtween the electro-optic tensor and equation (2.5.20) can 

be shown to be given by 

n 
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where k is an average refractive index takea to neglect the anisotropy in the liaear term. 

Notice ttiat siiace is real and sjnimetric, its inverse if is also leai and symnttetric, 

therefore the electro-optic tensor is symmetfic in its first two indices, thus iavariant to 

permutations of i,j [87]. 

For poied-polymers, tiie nimiber of noBvanishing terms defined through equation 

(2.5.22) can be reduced to 5 eiements sin^ they beloag to the symmetry class qojkb? . 

Furthermore, when Kieinman symiiietry can be applied, Ais is at frequencies far from 

electronic resonances, only two independent values lanaiii and tbe susceptibility tensor 

can be written as 

In contrast, the Ken- effect can be described by means of a thiid-order nonlinrar 

polarization term of the form 

Howe¥eF, in pbotops&xth^ polymeK the Kerr effect is in general negligible as 

compared with the Pockels effect and the orientational birefringence effret that will be 

described in the follo«ag section, thiis no iHore' deteil will be piirsaed in describing its 

effects. 

(2.5.23) 

I^im)=3s, ® + 0 + 0)£/^)£,(0)£(0). (2.5.24) 
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2.6 Noaiacar Optical effects in piotorefractive polymer composites 

2.6.1 Electro-optie properties «f ©rgaaic naolecislcs ami tie ©rieatei gas aiuicl 

Considering only second-order effects, using Einsteiii's repeated-index 

summation conveBtion and assuming iie dipoie approximatioa for noniesonaiit excitation, 

the moleculaT polarization expressed in the molecular refereace frame cm be 

written as 

p,=e,{F,M, + F,a,,E,+D''>F,/),,E,E,+-) , (2.6.1) 

where /// is the permanent (ground state) dipoie moment, ay is the linear molecular 

poIarizaMIity tensor, fiijk is called the first molecular hyperpolarizability tensors; lP^ is 

called degeneracy factors and resait from the number of distinct pennutatioes of the 

interacting a^jplied field feqiiency components [87]; the i^ameters Fj are the so-called 

field con'ectioa factore, and allow a proper estimation of the screeniiig effects of the 

dielectric siirrooiftding, on Ihe fields interacting with the chronaophore. Their value 

depends on the frequency of the fields indwang the polarization. It is aistOHiaiy to 

ificlude the fieM correction factors into the values of the polarizabilities and molecular 

dipoie moment; for instance, for Ihe electro-optic eifect the "liresKd'' values are giYes as 

^2.6.2) 

here fo mdfm are Ihe Onsager and Lorente-Lorenz fieM coireetisn fectors respectively, 

given by 

f  _ g ^ (g ( ^ )  +  2 )  .  _ s(&)+2 
Jo •> Jm „ y 

{2sj^+£{(!})) 3 



58 

'J 
where «(<») is the dielectric constant at optical frequencies (i.e. n -£(6?)) and as usual Gdc 

is the zero frequency or dc dielectric constant 

Using such corrected ¥alues, tbe molecular polarization could then be related to 

the bulk if a proper average is taken. The oriented gas model pnoYides a simplified 

framework that allows siich aYcrage to be calculated. To describe the electro-optic effects 

induced by an electric field applied along the laboratory' Z-direction, see Figuie 2-5, the 

model considers: a) ehromopliofes with a rod-like structere, and permanent dipole 

moment oriented along the z-axis of the molecule; b) that the only nonYanishiiig first 

hypefpoiarizability tensor element is md thiird-order elfects are neglected; c) that 

chromophores are See to reorient under an appKed field without interacting with the 

sarroiiadings; and d) fettfer iateracticsis between chromophores are also neglected. 

ZA 

Figure 2-5. Schematic representation of the molecular frame {x, y, z} and laboratory 

frame {X, Y, Z} used in the oriented model. 
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This set of approximations allow the macroscopic polarization induced by an 

electric field to be caicmlated as 

where V is the volume, md the I and i subscripts refer to the laboratory and molecular 

frame respectively. Although this summation is of no practical use due to the large 

number of chromophores contaiHed in a typical unit volume, the summation can be 

replaced by a thermodynaniic average to calciiate the bulk polarizatioa. Such 

thermodynamic average for an arbitrary fenction ^Q) is in general defined as 

J/(Q)e/Q 

where J{Q} is the statistical orientational distribution assumed to follow a Maxwell-

Boltzmann distribution once steady state has been reached. For a set of polarizable 

dipoles, such distribution is defined as 

/{0)J0=exp 
^ U(0)^ 

V J 

%med0 , (2.6.6) 

where C/(6) is the interaction energy between the dc poiing field Ep and the molecular 

dipole moment p., which is written as 

, , (2.6.7) 
[Ep j cos 0=-^kgT cos 0 

with ^ = —  ^  

kj 
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In writing this equation, the interaction energy lietween the poling field and the electronic 

contributions to the polarization has been neglected. Sttch aii approximation is justified 

giveo the large dipole moments that characterize the chromophores. If the function ^(iQ) 

has the form of cos"0, equation (2.6.5) becomes a Lange%'iii fimctioii of onier m: 

When the poling field is small enough, to make ^ < 1, the Langevin functions can be 

simplified. For instance, the fiM three Langevin fimctions under this approximation are 

given by 

Equations (2.6.5) to (2.6.8) constitute the basic framework provided by the oriented gas 

model to relate the microscopic to the bulk properties in a polymer composite subjected 

to a poling electric field. The following two sections will be devoted to describe the 

relevant electro-optic effects observed in photorefractive polymer composites. 

2.63 Index modulation in polymer composites. 

Using the fomialism derived in the last section, it's now possible to establish the 

connection between the microscopic and Itie macroscopic polarizatio-n by rewriting 

equation (2.6.4) as 

£ cos" 0exp(<^cos0)sia0d0 
(2.6.8) 

3 3 45 5 
(2.6.9) 

(2.6.10) 
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here N is the total number of ehromophores contained in the volume of interest F; and A 

is a transformation tensor from the microscopic to the macroscopic frame. However, 

since the index of refraction is directly connected with the susceptibility tensor, more 

important for the description of the index modalatioii is to derive expressions that allow 

the macroscopic susceptibility to be related with the microscopic polarizability. For 

simplicity, a separate description of the different contributions to equMion (2.6.1©) and 

the resulting index modulation will be provided in the following sections. 

2.6.3.1 Pockels electro-optic effect 

As discmssed previously, the Pockels electro-optic effect produces an index 

modulation that results from applying a dc poling field and an optical field to a non-

centrosyiBinetric mMerial. If the poling field is applied along tilie Z-axis as well as the 

optical field, the induced macroscopic polarization along the Z-axis can fee witlen as 

— NSq {qj a.y a,y ) Pzzz^z (O)-^z (®) » (2.6.11) 

where an are the direction cosines of the transformation tensor, defined as 

i.e. a^^=z-Z-ms0 and =z-X  = sin#cos^, (2.6.12) 

with the angles as depicted in Figure 2-5. 

Using eqmtions (2.6.8), (2.6.12) and in direct analogy with equation (2.5.15) it's 

straiglitfoiward to define the second-order siisceptibillty tensor in terms of the 

microscopic first hyperpolarizability as 

Z^zzz ~ ̂  if^zZ ^zZ ) Pzzz 

=N{cos^9)P1^2 (2.6.13) 

=NL,{g)Pl,, 
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If an optical field pointing in the X direction is used instead, the other imique 

element of is obtained, namely 

%Z^ ~ ̂  if^zZ ^zX ^zX ) fizzz 

=N (cos 6 sin^ 0 cos^ (2.6.14) 

In a photorefractive polymer composite equations (2.6.13) and (2.6.14) can be 

used to obtain the effective electro-optic tensor and the value of the index modulation 

produced under the influence of the space charge field, i.e. for a four-wave mixing 

process it can be written as 

An=-^n\^Esc 
^ (2.6.15) 

with r^ff=-~x'S and 

the quantities inside the tensorial product are the unit polarization vectors for the 

diffracted and incident beam e, , the dielectric tensor e and the unitary grating 

vector k. 

2.6.3.2 Orientational birefringence 

In low Tg polymer composites, the orientational freedom of the chromophorcs 

give rise to a new contribution to the index modulation described as orientational 

birefringence. This process usually dominates the electro-optic response of the material, 

however it does not preclude other effects to contribute to the electro-optic response. 
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In assuming rod-like shape polar molecules, it is implied that the chromophore 

has a different linear polarizability in the directioa along and peipendicHlar to the 

moleciilaff axis. More over, it is assumed that the polarizability in the x-y plane is 

identical and non negligible with respect to the contribution along the z-axis. Therefore, 

in the molecular frame, the linear polarizability tensor can be written as 

a = 
0 0 

0 0 

0 0 a' 

a. ^ ^ a\ 0 0 ^ 

0 «* 0 

0 0 or* 
» 

{2.6.16} 

The macroscopic polarization in the presence of a poling field and an optical field 

along the Z-axis can then be wiitten, after some basic algebraic manipulation, as 

p?=^0 xzlEzi&y, 

= N ia] + A or* cos* 0^ and Aa' =a* - or* 
(2.6.17) 

It should be noticed, that the effect of the poling field is to change the distribution 

function defined by equation (2.6.6). If the poling field is not present, the chromophores 

are randomly oriented, thus the interaction energy in the Bohzmann distribution vanishes 

and the distribution function is then defined v&f^{Q)dQ, = sin OdO • With this distribution, 

a polarization for the iinpoled material in the presence of an optical field can be obtained 

(88]. Therefore, the change in the linear susceptibility under the influence of a poling 

field is given by 

AXzl = I+ Aa' cos^ 0^ - {a^ +Aa' cos' j . (2.6.18) 

Considering the appropriate integrals it can be shown that ^cos' =1/3, thus 

equation (2.6.18) reduces to 
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Aj® = Ni\a j^(cos' ^} - ̂] • (2.6.19) 

This change in susceptibility reflects in a change of the refractive index given by 

=~t^x'S: • (2-6-20) 
2n 

If instead of considering an optical field polarized along the Z-axis a field 

polarized in either the X or Y axis is considered, a similar procedure yields the following 

relation between the changes in susceptibility induced in each case 

Az£=Az«=-iAz2. (2.6.21) 

Equations (2.6.14) and (2.6.19) provide a route to the optimization of the 

chromophores used for photorefiBctive applications, ever since they directly relate to the 

macroscopic index modulations observed in the laboratory. In the low poling field limit, 

equations (2.6.7) and (2.6.9) can be used to relate the molecular polarizabilities with the 

macroscopic siisceptiHlities. Such expressions are given by: 

»  -NKa  
45 

. 2 ^  
k T 

El (2.6.22) 

and 

a) 
5kJ " 

® (2.6.23) 

XzM « 
\5kJ " 

From these equations it is clear that achieving large electro-optic response calls 

for the optimization of the molecular dipole moment, polarizability anisotropy and first 
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hyperpolarizability. The models used to rationalize the electronic origins of the molecular 

polaxizabilities and to achieve such optiiBization will Ije described in the following 

chapter. 
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CHAPTER 3 ORGANIC PHOTOREFRACTIW MATEMALS 

The photorefractive effect has been observed in a large variety of materials. Two 

basic properties are present in all of them; they are both, photoconductors and electro-

optic materials. Extensive amount of research has been done in developing organic 

materials with these particular properties. However, from the large pool of materials and 

material approaches, our attention will be concentrated in reviewing the state-of-the-art in 

photorefractive polymer composites, although an overview of the existing approaches to 

organic photorefractives and their performance will be provided in section 3.3. 

3.1 The structure of organic molecules and materials 

To start the description of the structure and properties of organic photorefractives, 

it is necessary to review some of the basic molecular concepts that will be necessary to 

describe them from a structural point of view, and to understand the rational behind each 

material design and the paths for their optimization. 

3.1.2 Molecular orbitals in organic molecules. The origin of cr and ;r bonds 

Carbon is the basic constituent on any organic molecule. Isolated carbon atoms 

have a ground state electronic configuration Carbon has valence of four and 

can form four different covalent bonds with other atoms. In a covalent bond, electrons are 

shared between atoms by means of orbital overlapping. However, in this process carbon 

suffers a modification of its electronic orbitals to minimize their energy and to maximize 

orbital overlap with the other atom. Among all possible modifications, the ones that 

minimize the energetic configuration of the orbitals are those that yield equivalent 
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combined orbitals, this are called hybrid orbitals. The formation of such hybrid orbitais is 

the key concept understanding the formation of polyatomic molecules. Although 

providing a detailed picture of SBch hybridization process is owt of the scope of this 

dissertation, let us provide a few examples that allow us to uiiderstaiid the way carbon 

interacts to form complex molecular structures such as extended chains, rings and 

interconnected networks that give organic molecules their remaikable properties. 

Let us start by considering the moiecule methane (CHU). To form methane, carbon 

imdertakes a hybridization of its four valence electrons by combining one 2s willi three 

2p orbitals to prodace foiir sp^ hybrid orbitals distributed in a tetrahedral arrangement. 

The hybridization process yields highly directional orbitals that provide a strong head-on 

overlap "with each hydrogen s orbital, and maximizes the ^paration between equal spin 

electrons by redistributing their orbitals in a tetrah«iial configaration. 

Besides hybrid orbitals, carbon typically undertakes another kind of 

hybridization when it binds to another CTbon atom as in ethylene (C2H4). In this case, 

each carbon atom comMiies one 2s orbital •with two 2p orbitals to yield three electrons in 

sp  ̂ hybrid orbitais equally distriboted in a plane at 120" from each other. The foifffli 

electron m a p ofMtal, with its axis directed in the peipendieular direction to the 

plane, as shown in Figuie 3-1. The l»iid resHltiag from iJie head-c» o¥erla|spsg of 

carbon's s f̂ orbitals yields a strong covalent Isond, called sigma (o) bond. While the off-

plane p orbital overlap yields a week co¥aleiit l»n4 ealM pi (̂ ) bood. 
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carbon to carbon 
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Figure 3-1. Formation of sp" hybrid orbitals to form ethylene's crand 7t bonds. 

Each covalent bond can be represented as the linear superposition of the wave 

fimction of the electron associated with each interactijig orbital. For instance, for a n 

bond the linear superposition of the wave functions of the two electrons in the p orbitals, 

represented by Wf and Wf respectively, will resiilt in the formation of two possible 

states; a low energy state proportional to + Wf where the probability of finding an 

electron Itetween the t%'o iMcIei is high, therefore called a bonding state (;r); and a high 

energy state proportional to Wf -Wi with a low probability of finding an electron 

between the atoms niiciei, md consequentiy called antiboiinding state ( Tr ). 

Molecules containiiig ĵ -electioias caa alternate between c and n bonds to form 

extended ctaiHS (conjiigate bridges) or rings (aromatic grocps). The formation of such 

alternate-bond stHictores, leads to -̂eledrons tliat are M^y delcx;alî d along the oitire 



69 

length of the molecule. In fact, the electrical and optical properties of interest in organic 

molecules and materials are mainly detemiined by siicli ^-conjugated stractores. 

3.1,2 transitions: Tie glass-fransitioii teisiperatiire 

A phase transition is aa abrupt change of the physical properties characterizing 

the thermodynamic state of a material upon a small change of one of its thermodynamic 

variables, such as temperature. The most intoitiYe phase transitions in matter are those 

from gas into liquid, fi»in liqaid into solid, and vice versa. Although more complex and 

subtle phase transitions may exist in polymeric materials, the relevant one for 

photorefractive polymer composites is the one between the liquid and solid phases. It 

should be noticed that most of the folowing diaiussion applies in general to a l*oad 

range of materials. 

For a pol3?mer in liquid state, the volume available for moiecolar motion is large 

enongh to assure anoiigh moieeolar mobility so an eqmMbwm density can be maintained. 

When the liquid polymer is cooled, it may solidify in two ways: a) if the rate of cooling is 

low eaoagh, the polymer chains c-aa fearrange to form a ciystalline structure. Such 

stnictiiral changes are described by an abnapt contraction of the polyma* volame at a 

temperature called freezing or melting temperatiire; l>) if the cooling rate is high 

enough, the free volume available for molecular motion r îdly decreases pievmtmg the 

polymer chains to asdergo the stnictoral reorganization required to form a stable 

crystalline state. Therefore, the random arrangemeiit of the iquid jiime p®isfe imti the 

viscosity is m Mgh that the material is considered to be a solid, conmionly referred to as a 

glass. The temperature at which the fee votame is reduced to the point where the 
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necessary molecular rearrangements to maintain thermodynamic equilibrium are not 

possible, is referred to as the glass transition temperature (Tg). At the effects of this 

reduced molecular mobility is reflected as changes in the thermodynamic properties of 

the bulk such as the volume or the specific heat For instance, in contrast with the 

previous scenario, the rate of theraial expansion changes continuously from a given value 

above the to a smaller value below the Tg [89]. Altliough providing a proper definition 

of the Tg is out of the scope of this work, it is important to establish the intuitive 

connection between the Tg and the implications to the molecular mobility since most 

polymeric materials, inciiudiiig polymer composites exhibit a glass transition temperature. 

In particular, in photorefractive polymer composite a low below or around room 

temperature, assures esiotigh orientational mobility of the chromophores for the 

orientational birefiringence contribution to dominate the index modulation. 

3.2 Plioterefractive polymer coimposites 

A typical polymer composite is prodacai by considering a host polyma- matrix 

that ttsualy has good charge transport properties. The host matrix is then doped with 

plasticizers to reduce the Tg of the composite  ̂and with »isitizer moiecales to provide 

optical absorption followed by charge generation at the desired wavelength. Finally, 

chromophores are added to confer electro-optic profKrtira to the mixture. As previously 

mentioned, tliroBglioiit tlie literatere polymer composites have been the most common 

approach to photorelxactive polymeric materials, mainly due to iheir ease of prepaation 

and optiinizatioii as compareci with other material approaches. In the following sections a 

description of lie relevant materials and strategies for optimization will l« provided. 
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3.2.1 Polymer photoconductors for photorefractive applications 

Typically a polymer photoconductor for ptiotorefiactive applications consists of a 

hole-transfwrting polymer matrix doped with plasticizers and sensitizers. Although the 

selection of each of the components is not independent, for clarity let us re¥iew the most 

commonly used materials and their general properties. 

3.2.1.1 Sensitizers 

Figure 3-2. Chemical structure; of organic sensitizers, 

A sensitizer is a molecule that allows photogeneration of charge carriers by means 

of a charge-transfer reaction with a transport molecule upon optical excitation. The 

selection of a particular sensitizer depends as much on the desired wavelength sensitivity 

as on the available transport agents. Organic molecules [22,23,80,90], transition metal 

complexes [91,92] and semiconductor nanocrystals [25,93] have been used as sensitizers 

to produce photogeneration at several wavelengths in the range form 514 to 1300 nm. For 

TNFM 
60 

O PCBM 

TNF DBM 
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a typical hole transporting material, tbe natiire of the charge transfer reaction as described 

by Marcus theory, requires the sensitizer to be a good acceptor molecule with a HOMO 

level placed below that of the transporting manifold. Furthermore, it is desirable for the 

sensitizer to create a charge transfer complex with a charge transporting molecule; this 

enhances the photogeoeration process and may extend the wavelength sensitivity since 

the charge transfer complex is characterized by a red shifted absorptioa band According 

to equation 2.2.10, the cliarge transfer rate increases if the separation between the HOMO 

levels of the donor and acceptor molecules increases. Fiarthemiore, the transfer integral v 

increases with decreasing separation of the donor and acceptor molecules. Such premises 

are valid in the noninverted regime and may serve as general guidelines for material 

design. 

In the context of polymer composites, the most commonly used organic 

sensitizers are Cgo, its more soluble derivative PCBM, TNF and TNFM, see Figure 3-2. 

Thus far, these molecules have been used in the best performing matierials in the range 

from 633 to 830 im. Only recently an infrared dye, DBM, has been used to provide 

efficient charge generation in a photorefractive composite woiiing al 975 nm. 

Otfier sensitizers saci m pitaiocyanines, squaraiaes, azo and perylene pigments 

have also been used in organic photocondoctoK. Describing their properties is out of the 

scope of tMs work but a comprehensive re\iew can be found in reference [1]. 

3.2.1.2 Hole-transporting polymers 

Tfie most common approacli for providing hole-transport in a photorefractive 

polymer is to consider a polymer that has good hole-transporting properties. However, it 
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should be noticed that in the past, photorefractive polymers have been produced by 

considering inert polymer matrices such as PMMA, PS and PC, which are doped with the 

appropriate molecules to provide the functions needed for the photorefractive effect. 

The study and development of photoconducting polymers greatly benefited from 

those made in the context of xerographic applications [94]. The successful development 

of the first organic photoreceptor used in the xerographic industry, the photoconducting 

polymer PVK doped with TNF as a sensitizer, provided a natural choice for 

photorefractive applications. Although PVK is itself a photoconductor when excited in 

the near ultraviolet region, the addition of TNF provides enhanced charge generation in 

the visible range through the formation of a charge-transfer complex with PVK (95j. In 

efforts to extend the sensitivity of photorefractive materials to longer wavelengths TNFM, 

a derivative of TNF, was used to successfully extend the photosensitivy of polymer 

composites to the near infrared, up to 830 nm [90,96,97]. Similarly to TNF, TNFM also 

forms a charge transfer complex with PVK and furthermore, with its monomer ECZ and 

with some chromophores like the family of styrene-based chromophores reported in 

reference [80]. 

While in the infrared region PVK/TNFM continues to be the most common 

photoconducting matrix, in the visible region the use of Cgo [98] has lead to faster 

photorefractive composites [31,80,99] due to a larger photogeneration efficiency when 

doped in PVK. For instance, xerographic experiments interpreted under the framework of 

Onsager's model resulted in a qiiantam yield of 0.36 with a thermalization radius of 3.5 

run for PVK/TNF (10 wt.%) [100] while for PVK/Cgo (2.6 wt.%) a quantum yield of 0.8 
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and ttieraiaiization radius of 1.9 nm were obtained [47]. As already discussed in Chapter 

2, such large thermalization ratios arc physically unreasonable since they are several 

folds bigger than the expected distances (<1 nm) between the donor and acceptor 

molecules involved in a charge transfer reaction. However, the improved photogeneration 

in PVK/Ceo is reflected in its larger quantum yield. 

Although PVK-based photorefractive polymers have shown some of the best 

photorefractive properties reported in the literature [22], some limitations intrinsic to 

PVK itself have been found. For instance, its high Tg - 200 °C requires the use of 

plasticizers which in most cases have a negative impact over the transport properties 

because they either dilute the available charge-hopping sites or because they increase the 

trapping density and consequently reduce the mobility. On the other hand, PVK is a 

relatively poor photoconductor as compared with some other hole transport polymers, 

such as PTPDac with a mobility around 10"* cm^V's"' [101], two orders of magnitude 

higher than that of PVK, 10"®-10''^ cm"V"'s"' [47,102]. Polysiloxanes with pendant 

carbazoie groups PSX f 103,104], have been considered as a low-7]^ alternative to PVK, 

see Figure 3-3. Although in this polymer the Tg can be tuned (40-50 °C) by varying the 

spacer leagti of the pendaat carbazoie group, their mobility is comparable to that of PVK 

and in general, the use of the photoconductive matrix PSX/TNF has lead photorefractive 

composites with slow response times. 

Polymers with larger hole-mobilities have also been considered, see Figure 3-3, 

such as derivatives of PPV like DBOP-PPV cm^A^s) |105,106] and p-PMEH-

PPV [107]; acrylates with pendant TPD units, PTPDac crr?Ns) [101]; and 
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polyflurenes, such as TFB cm'A's) [108,109] among others. In most of these 

polymers Ceo and PCBM were used as sensitizers. 

Figure 3-3. Photoconducting polymers for photorefractive applications. 

3.2.1.3 Plasticizers 

Molecules, as the ones shown in Figure 3-4, added to a photorefractive composite 

to reduce its Tg are called plasticizers. While inert plasticizers (with poor transport 

properties), may be more effective in reducing the Tg of a composite [110], they also lead 

to a dilution of the charge transporting moieties that degrades the photoconductive 

properties of the composite. Instead, molecules with the same transporting properties than 

the matrix, such as the monomers of the photoconducting polymer itself are commonly 

selected. The most typical example of this kind of plasticizer is ECZ, the monomer of 

Me 
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PVK. However, while these plasticizers do not dilute the density of transporting moieties, 

they may not produce a significant reduction of the Tg, Furthermore, if their HOMO does 

not match that of the transport manifold, at Mgh loadings they may even introduce a 

competing transport manifold that could degrade the photoconducting properties of the 

composite. Therefore, a careful selection of the properties of the plasticizer is required to 

achieve an efficient reduction of the Tg without dramatically affecting the desired 

properties of the composite. Determining the proper concentration of plasticizer requires 

considering that the total reduction of the Tg is given through the combined effects of the 

chromophores and the plasticizers itself 

EHMPA 

Figure 3-4. Commonly used plasticizers in low-7g photorefractive polymers. 

3.2.2 Electro-optic chromophores 

Chromophores play a central role for optimizing the properties of polymer 

composites, ever since they are responsible to provide the electro-optic response of the 

material. The importance of chromophores goes beyond the field of photorefractive 
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polymers. Their remarkable nonlinear optical properties allow them to be used in a wide 

range of photonic applications [19]. Different strategies for the optimization of their 

optical properties have been outlined in the past. In this section, some of the key elements 

considered in chromophore design for photorefractive applications will be reviewed. 

3.2.2.1 Chromophore design: Figure of merit 

As described in Chapter 2, the index modulation induced by a dc electric field in a 

low Tg photorefractive polymer can be related to the molecular parameters of the 

chromophores. To first approximation equations (2.6.22) and (2.6.23) can serve as the 

basis to define a figure-of-merit {FOM) for chromophores doped in a material where the 

optical birefringence and Pockels electro-optic effect are the main contributions to the 

index modulation. A common expression for the FOM used extensively in the literature 

fl 11-114] is given by 

where M .̂ is the molar mass of the chromophore. It is worth pointing out that this 

expression only takes into account the relevant molecular parameters for the index 

modulation. However, when chromophores are doped into a photoconductive matrix 

other parameters that effectively affect their properties inside the material are neglected 

in this expression. For instance, their compatibility with the matrix is important to 

achieve high chromophore loadings and prevent the formation of dimers and aggregates 

that may change their electro-optic properties. Another effect that is overseen is that 

while high permanent dipole moments are desired for the electro-optic properties, the 

FOM = — 

M, w 
(3.2.1) 



78 

presence of such polar molecules has a negative impact on the mobility of the material 

due to an increase in the dipolar disorder of the transport manifold. With the development 

of chromophores with high FOM as considered by equation (3.2.1), these problems are 

increasingly been observed and need to be included in a more general optimization 

scheme that may consider such effects. 

3.2.2.2 Optimization of the nonlinear properties 

When two atoms join to form a chemical bond, a difference in their ability to 

attract electrons will lead to a deformation of the electronic orbitals producing a dipole 

moment along the axis of the bond. By definition, two equal charges ±e separated by a 

distance r will produce a dipole moment p, = er pointing from the negative charge 

towards the positive charge. 

When many atoms are combined into a molecule, the total molecular dipole 

moment to first approximation can be obtained by a direct vectorial summation of each 

bond's dipole moment. In organic molecules, large charge separation is achieved through 

/T-conjugate structures (;r-bridges), such as benzene rings and polyenes, since charge 

delocalizatioR along their length allows easy electronic redistribution in the presence of 

an electric field. Since non-centrosymmetric molecules are required for non-vanishing 

second-order nonlinear optical effects, electron rich (donors) or electron deficient 

(acceptors) atoms or molecular groups are used to terminate the ;T-bridges for the 

molecule to exhibit the electronic asymmetxy required. If a donor and an acceptor group 

are connected trough ;T-bridge, the molecule is referred to as a push-pull molecule sec 

Figure 3-5 . 
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OH 
F,Br,Cl 

CH3,0CH3 
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Figure 3-5. General structure of push-pull molecules, and typical donor and acceptor 
groups organized by increasing strength from top to bottom. 

The simplest approach to break centrosymmetric ;r-conjugate structures, is the use 

of a single substituent group R, either donor or acceptor. The effects of a single 

substituent group into a benzene molecule was described by Oudar and Chemla [115] in 

what has become to be known as the EquivaJent Field Model (EIF) [116]. In this model, 

the distortion on the ;r-orbitals produced by the radical group is described as a change in 

the electrometric moment Afj arising from an internal electric field Eq, where such a 

change can be described by 

A/i = aE^ + yEl« aE^ . (3.2.2) 

When the molecule interacts with an optical field E, the perturbed polarization under the 

influence of both fields is described as 

p=a{E^ + E) + y{El +3F4E + 3E,E' + E') 
(3.2.3) 

= aE^^+ yEl + {a + 3yEg )E + pyE^E^ +yE^ 

Therefore the first hyperpolarizability can be defined as /? = 'iyE^ and through equation 

(3.2.2) be written as 
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p  =  i r ~ -  0-2A)  
a 

Although EIF was applied to a large number of mono- and di-substituted benzene 

molecules, it failed to predict the differences observed in di-substituted benzene 

molecules, when the radical groups were placed in the para-position has compared with 

the values obtained in the metha and ortho positions [116]. Such differences where 

attributed to an additional contribution to the hyperpolarizabi 1 ity resulting from the 

intramolecular charge transfer between the acceptor and donor groups. Therefore the 

hyperpolarizability is given by 

f i  =  PaM+PcT> (3.2.5) 

where Padj results from the addition of the individual hyperpolarizability components 

arising from the interaction between each substituent group and the conjugated system, 

while PcT is the contribution from the intramolecular charge transfer mediated through 

the conjugated bridge. This contribution is estimated by using a two-level model [116] to 

describe the interaction between the ground state jg) and the charge-transfer state je), 

see Figure 3-6. For the electro-optic effect. Per is given by 

p„{(o,Q,o))oc ^ ^^ 

(3.2.6) 

with =(g|n|g)-{^?|^i|t'), and =(g|^|e) 

The first term of Per is called the dispersion-free hyperpolarizability, while the second 

term accounts for the resonant nature of the process. From the molecular design stand 
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point it should be noticed that although the hyperpolarizability can be increased by 

decreasing the energy of the charge-transfer transition, this leads to a red shift in the 

linear absorption that reduces the transparency of the molecule in the visible. This effect 

is called transparency-nonlineaiity trade-off, and is a major limiting factor to develop 

chromophores in the visible bet can be exploited to develop materials for the near-

infrared. 

On the other hand, the two-level model can also be used to approximate the 

molecular anisotropy which in the limit of a one dimensional molecule, Aa «a„, is 

written as 

In analogy with the hyperpolarizability expression, the first term can be called the 

dispersion free molecular anisotropy and the second is the resonance term. 

ha oc (3.2.7) 

Figure 3-6. Two-level model. Ground state and charge transfer state of a push-pull 
molecule. 
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Molecular modeling showed that further optimization than the one provided by 

the two-level model was possible by establishing an appropriate balance between the 

acceptor and donor strengths connected through a ;T-bridge [117], The model established 

that the ground state of a given push-pull molecule could be given as a linear 

combination of the wave fimctions of the two limiting resonance structures of the 

molecule: 

quinoidal. Any ground state configuration can be characterized by a parameter defined as 

the average difference in the bond-length between adjacent atoms in the bridge, thereafter 

called bond-length alternation (BLA) [118-120]. For weak donors and acceptors, the 

neutral state dominates the zwitterionic form, thus and BLA is defined as positive. 

In the opposite case where BLA is considered negative. A special situation arises 

for the situation where a„=az, this is when both resonant structures contribute equally to 

the ground state configuration, this state is called the cyanine limit and is characterized 

by BLA=0. It was found that the hyperpolarizabilities and linear polarizabiiify coald 

effectively be correlated to the BLA [111,118,119]. For instance, the cyanine limit is 

characterized by 0, while Aaand pi aie not only non-vanishing but ferfiennoie, close 

to a maxima. Therefore, molecules can effectively be designed using BLA as a predictor 

of their nonlinear optical properties. 

(3.2.8) 

the neutral form |n) , and a charge-separated form jz) also called zwitterionic or 



3.2.2.3 Chromophores for photorefractive applications 
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DMNPAA:R = CH, 
BDMNPABrR-n-CA 
DMHNAB: R = CH,CH,OH 

R4-N 
R3 

ATOP-3 
R, = 2-Ethylhexyl 
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Rj = R4 = Et 
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—o 

N-

NC 

> 

AODCST DHADC-MPN 

NC CN 

DCDHF-6 DB-IP-DC 

Figure 3-7. Relevant examples of chromophores used in low-Jg photorefractive 
polymer composites. 

Using afore mentioned models, a large number of chromophores have been 

produced for nonlinear optical and photore&active applications. From the large variety of 

chromophores produced Figure 3-7 shows of the relevant groups considered, such as azo 

dye derivatives (i.e. DMNPAA), dicyanostyrene derivatives (i.e. AODCST), oxopyridone 

derivatives (i.e. ATOP), rigidized polyene derivatives (i.e. DHADC-MPN) and 

dicyanomethylenedihydrofuran derivatives (i.e. DCDHF-6) among others. Ail of them 

having large FOM for low-7g photorefractive composites: These chromophores have led 

to some of the best photorefractive properties reported in the literature, which will be 

discussed in the following section. 
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3.23 Historic overview and state-of-the-art 

Providing a fair comparison between the large numbers of photoreftactive 

polymer composites reported in the literature is a challenging task because of the variety 

of experimental conditions and techniques used to characterize the materials. More over, 

even though it has been shown [81,82,121,122] that the exposure history of the sample is 

relevant for the dynamic and steady-state photorefractive properties, little or no 

information is usually provided in the literature on this regard. Despite the lack, of 

information, some of the most important materials produced so far will be discussed. 

Photorefractive polymer composites have come a long way since they were first 

reported [23] in a partially cross-linked epoxy bisA-NPDA/DEH material. In this 

composite, the polymer matrix provided the electro-optic properties while DEH was used 

as the hole-transporting agent. Diffraction efficiencies around 2 x 10"^ were found at an 

applied field of 120 V/fim. Later, in a composite with a relative low Tg~ 40®C net gain 

was observed along with photorefractive properties that far exceeded those of other 

composites reported at that time [123]. The composition of the material was PVK/F-

DEANST/TNF. Gain coefficients around 8 cm ' were measured at 753 nm, with a 

corresponding absorption loss of 1.4 cm"'. More over, unprecedented diffraction 

efficiencies of around 1% with grating build up times of 100 ms were measured at 676 

nm. The significant improvement in the photorefractive properties of this composite 

pointed out to a distinctive deviation from the classic Pockels electro-optic effect The 

improvement was later explained by realizing that in these low Tg composites 

chromophores could readily be oriented under the influence of the space-charge field 



itself [124]. This new contribution has become to be known as orientational birefringence. 

A better understanding of the physical properties of such low Tg materials, yielded a 

material with close to 100 % internal diffraction efficiency (86% external) at 60 V/fxm 

and two beam coupling gains above 200 cm"' at 90 V/fim. The material developed at the 

University of Arizona contained PVK/DMNPAA/ ECZ/TMF [30], 

Since the dramatic improvements produced on those early days, the development 

of new strategies for chromophore design, described in section 3.2.2.2, has yielded 

continuous improvements of the steady-state properties. The best materials reported up to 

date have demonstrated external diffraction efficiencies of 71% at 28 V/p,m, with an 

index modulation of 8.5x10"^ and a gain coefficient of 225 cm"' at 50 V/pm in a 

PTCB/DHADC-MPN/DIP/TNFM composite characterized at 633 nm [125]. On the other 

hand, gain coefficients around 400 cm"' at 100 V/jam and index modulations close to 6 x 

10'^ at 50 V/p,m were meastired with an elMpsometric technique in a PVK/DCDHF-

6/BBP/C60 composite evaluated at 647 nra [29]; and 390 cm"' at 100 V/|iiii, 92 % internal 

difTraclion efficiency at 30 V/fim and index modulations around 3.5 x 10" at 50 V/fim, 

also measured with ellipsometric methods, in a PSX/DB-IP-DCTNF composite 

evaluated at 633 nm [126-128]. All three materials have shown thermal stability for 

year's period of time, with chromophore concentrations between 30 to 37 wt. %. Despite 

their remarkable steady-state peifoimance, ail three materials showed relatively slow 

grating build up times. For instance at a bias field of around 60 V/p,m a 14 s response 

time at I.I W/cm^ for PVK/DMNPAA/ECZ./TNF was estimated through four-wave 

mixing experiments; 250 ms at 0.1 W/cm^ in PVK/DCDHF-6/BBP/C^ and 67 ms at 0.04 
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W/cm^ in PSX/DB-IP-DC/TNF, both estimated through two-beam coupling experiments. 

The values for the response times should be taken carefully, since a direct comparison 

between those measured in different experiments and under different experimental 

conditions, is not easily done. More over, different functional forms such as weighted 

biexponentials, stretched biexponentials or single exponentials have been used to adjust 

the temporal evolution of the experimental transients. The estimated values of the time 

constants and their interpretation may vary significantly depending on the particular 

fitting function. As a way to overcome this difficulties Hofmann and coworkers [108] 

suggested an analysis based in an inverse-Laplace transform algorithm, CONTIN. 

Although a variety of contributions at various times were identified this approach has not 

been widely used in the literature. 

Leaving aside these concerns, it is worth mentioning some of the fastest materials 

reported in the literature. An early attempt to improve the response times on a 

photorefractive polymer was done in 1993 by considering a host material with a better 

mobility than the ones that were considered in the literature at the time. The host polymer 

was poly (4-«-bufox3q5henylethysi!ane) PBPES, and was combined with the chromophorc 

A 'J 
Coumarin-153 and C® [129]. The composite showed a mobility of ~ 10' cm /Vs at 10 

V/fim and a response time of 39 ms at 11.4 V/fim with 1 W/cm^ total writing irradiance. 

The response was measured at 647 nm by four-wave mixing experiments. The material 

was the fastest reported at that time, but the main conclusion of this work was that the 

photogeneration and not the carrier mobility was the limiting factor to the response time. 

Since this report, materials with response time in the hundreds of millisecond range were 
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commonly reported. With a similar strategy, Ogino and co-workers [101] reported the 

synthesis of an acrylate polymer with pending tetraphenyldiaminobiphenyl (TPD) units. 

The bare polymer, called PTPDac-BA2 exhibit a mobility of 10"^ cm^/Vs, while in the 

photorefractive mixture P']TDac-BA2/DEANST/C6o (7'̂ =30"C) a mobility ~5xl0"^ 

cm^/Vs was determined by time-of-flight experiments. M a two-beam coupling 

conjBguration, the response time of the composite was 7 ms at 70 V/pm with total writing 

"7 1 
beam intensity of 0.5 W/cm.. A gain coefficient of 40 cm* was measured at that field. 

The improvement was attributed to the higher drift mobility of the new matrix. However, 

shortly after composites with 4 ms response time at 100 V/pm and 1 W/cm , were 

observed with two-beam coupling experiments and gain coefficients above 130 cm"' 

[31,99]. The composites contained PVK/Chromophore/BBP/Ceo, and two chromophores 

were used; homopiperideno-benzylidene-malononitrile (7-DCST) and alkoxy-

benzylidene-malononitrile (AODCST). By correlating the response times with the 

photoconductive response of the composites, it was concluded that the photoconductivity 

was the limiting factor. Response times in the millisecond range have been consistently 

observed afterwards. In a PVK/FTCN/ECZ/TNFM compositB [32], a response time of 4 

ms was observed by transient four-wave mixing experiments at 95 V/|im and 0.5 W/cm .̂ 

While the composite showed small internal diffraction efficiency (24 %) and gain 

coefficient (35 cm"^) witii no net gain, a direct observation of the orientational dynamics 

yielded time constants for chromophoie reoricBtation that vi&Q several folds faster than 

the grating formation. Later  ̂another high mobility host polymer produced a material with 

Ims response time determined by four-wave mixing at 76 V/fim and 1.44W/cm [108]. 
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However, very small index modulations (4x10"^) and gain coefficients below 20 cm"' 

were observed. The polymer host, poly-(9,9'-dioctylfluorene-co-N-{4-butylphenyl)-

diphenylaminc) (TFB), exhibit a mobility of 10cm'/Vs in pure state [109] and 10"^ 

cm"s 1108] in the composite TFB/DMNPAA/DOP/Ceo-

In later works [80,81] that serve as the basis for one of the aspects to which this 

dissertation is devoted, several derivatives of the dicyanostyrene family with various 

ionization potentials were produced and analyzed in PVK/ECZ/Ceo hosts. With a 

fluorinated set of these derivatives, it was shown that while derivatives with an ionization 

potential close to that of PVK, exhibited faster response times and larger 

photoconductivity at low exposure levels, than those with larger ionization potentials. A 

fast degradation of their properties occurred as the materials were continuously exposed. 

This degradation was correlated with the potential of the chromophores to act as hole-

traps in the transport manifold. The composites containing chromophores with larger 

ionization potentials than PVK, could not act as traps thus exhibited more stable 

properties, but at the cost of reducing the photorefractive performance. Other pre

exposure effects leading to an increase of the response times rather than to a degradation 

have also been observed [82,121]. The trapping mechanisms that lead to the degradation 

or improvement of the response time and f>hotoconducti vity in a material are determined 

by the particular balance of the trapping, detrapping and recombination rates. 

A common concern when polymer composites are produced is the inherent 

thermodynamicaily instability of low Tg materials, where the moieties have the ability to 

move and diffuse. Phase stability has always been an issue of concern in this kind of 
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materials. This issue has been successfully addressed by increasing the polarity of the 

matrix by using a more polar inert matrix such as poly(methylmethacrylate-co-

tricyclodecylmethacrylate-co-N-cycIohexyl maleimide-co-benzyl methacrylate) (PTCB) 

[125], mixing chroraophores 1130,131], or by improving the compositional ratios and the 

compatibility of the components [83]. 

3.3 Other chemical approaches to organic photorefractive materials 

For completeness, it is necessary to mention that along with the development of 

photorefractive polymer composites, many other material approaches have been used to 

produce organic photorefractives. A recent review of the state-of-the-art in a variety of 

organic photorefractives can be found in reference [22]. 

3.3.1 Hybrid organic-inoi^anic polymer composites 

Because of their relevance for the work on this dissertation, let's review the state-

of-the-art of hybrid organic-inorganic composites. 

The limited spectral range available with organic sensitizers has brought attention 

to the unique properties of semiconductor nanoparticles. Due to quantum confinement 

effects, the optical and electrical properties of semiconductor nanoparticles (quantum 

dots) strongly depend on their size [132]. Quantum confinement effects arise when the 

size of the nanociystals is in the order of the exciton Bohr radius. At this range the bands 

can no longer be considered a continuum of states and must be regarded as a discrete set. 

The structure of the bands is closely related to the strength of the interaction between 

nearest-neighbors, this is the degree of electronic overlap, and to the size of the material. 



In organic materials, the weak van der Waals binding forces yield narrow bands 

that closely resemble the electronic structure of the single molecules; thus, little variation 

of the optical and electrical properties occurs with a reduction in the size of the material. 

In inorganic semiconductors and metals, the discrete electronic states of the individual 

atoms rapidly spread into a continuum of states that starts to develop, from the center of 

the band towards the edges, as more atoms are brought together to form the solid. In 

contrast with metals, where the Fermi level is located at the center of the band, the Fermi 

level in semiconductors lies within two bands and electrons are in fact populating the 

electronic states at the edge of the lower band. Therefore, when the size of the material is 

so small that such states are still a discrete set, small changes in the material size, shape 

or composition have strong effects on the optical bandgap and electronic properties of the 

material. 

The effects arising from the surface atoms are of big concern because the 

boundary conditions imposed by the end of the periodicity yields electronic states within 

the optical bandgap, where they can act as traps for holes and therefore degrade the 

optical and electrical properties of the dots. For this reason, a special treatment of the 

surface is needed. This is done through a chemical process called passivation, in which 

the surface atoms are bonded to those of another material having a bigger band gap than 

the nanocrystals. This process yields no surface states within the optical bandgap and 

confines the electrons and holes inside the nanoparticle. The use of nanoparticles in 

organic materials has been greatly facilitated by the use of surfactant molecules that 

provide adequate passivation of the surface and solubility with the most common solvents. 
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Since the first report on the use of nanoparticles as sensitizers in a polymeric system [133] 

the role of the surfactant in the electron-transfer reaction leading to charge generation has 

been rather unclear. WHle surfactant-assisted conductivity has been observed in Au 

nanoparticles films [134], with CdS and CdSe nanoparticles the presence of a short 

surfactant (1.1 nm) yielded a reduction of one order of magnitude in the charge transfer 

efficiency between the nanoparticle and the transport molecule [135], Until recently, a 

general strategy to achieve efficient charge transfer has been outlined [136] by 

considering electroactive surfactants that can mediate the electron-transfer between the 

transport agent and the nanocrystal by creating charge-transfer complex with the 

nanoparticle that may lead to a physical separation of the electron an hole created upon 

optical excitation; however, the real potential of this strategy is yet to be seen. 

While the possibility of producing a hybrid photoconductor was known since 

1992, a report in 1999 of large photosensitivity in a PVK/CdS (98/2) system by Winiarz 

et al. [137] led the community to draw attention to this particular materials in the context 

of photorefractive research. The surface of the CdS nanoparticles in this study was coated 

with molecules of/>-thiocresol. It was found that at 514 nm and fields above 50 V/fim the 

photosensitivity of the hybrid polymer started to be significantly higher than that of 

PVK/Cgo- The photogeneration efficiency was extracted from the photoconductivity 

measurements and Onsager's model used to estimate a photogeneration quantum yield 

= 0.6 and a thermalization radius r© = 13 A for PVK/CdS. The values for the Cgo 

sensitized samples (^= 0.0067 and ro = 28 A ) differed significantly from other values 

reported in the literature, but differences were attributed to a difference in the evaluation 
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wavelength. Shortly after this report, the same group incorporated CdS nanoparticles into 

the photorefractive polymer host PVK/NNP/TCP at -0.2 wt.% [25]. Rather limited 

photorefractive properties were found in such composite with diffraction efficiencies < 

5% at fields as hi gh as 140 V/|im, a two-beam coupling gain of 31 cm"^ at 107 V/pm and 

"J 
a response time of 7 s at 80 V/|im with 0.5 W/cm writing intensity. The poor 

performance was attributed to a increase on the dielectric constant resulting from the 

doping of the nanoparticles and the inability of the nanoparticles to provide shallow traps. 

In later reports, Binks and co-workers used CdSe nanoparticles to sensitize the 

photorefractive host PVK/EHDNPB at 633 nm. In the first study [138] CdSe quantum 

dots surrounded by a CdSe shell and passivated by tri-«-octylphosphine oxide (TOPO) 

were doped at 0.1 wt. % into the photorefractive host. Small diffraction efficiencies were 

found in this composite, i.e. 0.15 % at 75 V/jim. In the second case, the same group used 

CdSe nanoparticles passivated with TOPO and doped at 0.4 wt. % into the 

photorefractive host [139]. In these studies, a diffraction efficiency of 1.3 % at 70 V/jim 

was found. A common characteristic in both materials was the slow response times 

observed, in the order of several tens of second. Finally, Winiarz and co-workers claimed 

photorefractivity at 1300 nm by the use of either PbS or HgS nanoparticles doped at 1 

wt.% into the host PVK/FCP/NPP [93]. Once again, the surface of the nanoparticles was 

passivated with /j-thiocresol. For the PbS nanoparticle sensitized material, a gain 

coefficient of 45 cm"' was reported at 52 V/pm. In contrast, in the HgS nanoparticle 

sensitized composite, a gain coefficient of 4.35 cm"' was found at 90 V/fim. 
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3.3.3 Fully and partially functionalized polymers 

Fully and partially functionalized polymers were developed as a synthetic 

approach to increase the phase stability of the polymer composite. In a fully 

functionalized photorefractive polymer, all the ingredients necessary to produce a 

photorefractive response are inserted into the backbone or as side groups of a polymer 

chain. Partially functionalized materials result from materials where only some of the 

photorefractive functionaJities are attached to the backbone, while the other are added by 

molecular doping. Since the fully functionalized approach relies on the 'intrinsic' Tg of 

the polymer, many relatively high Tg materials have been produced. In those materials 

with limited chromophore reorientation, prepoling has been required to observe a 

significant response. However, large coefficients as large as 200 cm"' have been achieved 

at zero applied field in a material containing Ru photogenerator complexes inserted into 

the backbone. In contrast, the first fully functionalized photorefractive reported in 1992 

[24] exhibited a two beam coupling coefficient of around 2.3 cm"'. Recently, partially and 

fully functionalized polymers with relatively low Tg have shown gain coefficients 

exceeding 150 cm"' for fields above 50 V/(im and high external diffiaction efficiencies 

60% at those fields[140-142]. The materials were evaluated at 780 nm and their main 

drawback was their slow response time, well into the second range. 

3.3.5 Other materials 

Another attractive approach to produce organic photorefractives is low-weight 

molecular glasses, where the inert volume is minimized by considering multifunctional 
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glass-forming molecules. However, the ease of tunability is lost since synthetic 

modifications have while preserving the phase stability of the molecules. In many glasses, 

small concentrations of extrinsic dopants have been use to enhance the photosensitivity at 

the desired wavelength or to improve the mechanical properties of the glass [26]. Highly 

efficient glasses have been reported up to date, the larger gain coefficients have exceed 

450 cm"' at fields as low as 45 V/jim in glass with composition TH-DCDHF-

6V/DCDHF-8/TNFM evaluated at 830 nm [143]. Other glasses in the IR and visible have 

also shown large gain coefficients and internal diffraction efficiencies around 80 %, but 

their common limitation has been a slow dynamic response which has not yet become 

comparable to the one observed in polymer composites [22]. 

Polymer-dispersed liquid crystals and liquid crystals have also shown promising 

properties due to the small fields required to achieve a photorefractive response due to the 

ease of reorientation of the liquid crystal molecules. Scattering losses and reduced 

mobility leading to slow response times have been the main concerns using this approach. 

A recent review of liquid crystalline polymer materials can be found in reference [144]. 



CHAPTER 4 EXPERIMENTAL TECHNIQUES 

A host of different experimental techniques is required to generate a 

comprehensive description of the large number of physical processes involved in the 

photorefractive effect, and their combined effects. This chapter will describe those 

techniques. The procedures described in this chapter are the ones used throughout the 

course of the investigation, but they are not unique and may be modified to pursue a 

higher degree of accuracy and control. 

4.1 Material and sample preparation 

The design of a typical photorefractive polymer composite requires the selection 

of a polymer host and the adequate molecules to achieve the photorefractive response; 

typically a plasticizer. a sensitizer and a chromophore, which are doped into the polymer 

host in predetermined ratios, commonly determined in weight percentages. The 

preparation of the polymer composite starts by dissolving its components into a liquid 

phase where all the moieties are dissolved. The moieties can be powdered or crystalline 

solids, or be in a liquid phase. The purity of each of the components is critical to obtain 

consistent and reliable properties. However, the techniques of purification vary for 

different materials, and their description is out of the scope of this work. 

Once the materials with the desired level of purity are at hand, and a proper 

solvent has been selected, the moieties are dissolved to allow thorough mixing. This is 

often done by using a magnetic stirrer and a stirring bar in the solution. The mixing 

process may go from a couple of hours to days depending on the solubility of the 
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moieties. The solution is then filtered, typically with a 0.2 |im disposable filter, and the 

bulk of the solvent evaporated. The evaporation process is usually done with a rotary 

evaporator because it allows careful control of the evaporation process and the recovery 

of hazardous solvents for proper disposal. Controlled evaporatioa is achieved by partially 

submerging the flask containing the solution in a heated bath of distilled water, while the 

flask is rotated under a mild vacuum. The rotation of the flask prevents the desired solid 

from being turned into foam by the boiling solvent, and the vacuum speeds up the process. 

Once the material in the flask is no longer flowing, drying is completed by placing the 

flask in an oven at a higher temperature and vacuum than the ones used in the rotary 

evaporator. To insure complete solvent evaporation, the final drying process is allowed to 

proceed for at least 12 hrs. The temperatures and vacuum pressures used in all processes 

vary depending on the solvent. The dried product is then extracted trom the flask and 

placed in between two sheets of glass, where its temperature is increased to a value close 

to, but below the melting point. At this temperature, the material should be viscous and 

easy to spread between the glass sheets by applying a mild pressure between them. Once 

a homogeneous film is formed between the glass plates, the temperature of the material is 

rapidly decreased by contact with a cool plate. This step preserves the amorphous nature 

of the material by preventing crystallization and phase separation of the moieties. 

Hereafter the process requires a certain degree of craftsmanship, since materials may 

have a glassy or plastic nature depending on their particular composition, and the 

particular procedure for successfully assembling a sample changes depending on this 

particular condition. However, the general procedure can be described as follows: small 
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pieces of material are placed on two glass substrates coated with indium-tin oxide (ITO) 

electrodes facing upward. The temperature of the glass plates is then increased on a hot 

plate until a temperature close to the melting point is reached. Glass beads suspended in 

silicon vacuum grease are placed in small dots around the edges of one of the glass 

substrates to ensure the thickness of the sample. In our samples, 105 f.im diameter glass 

beads were typically used. When the material starts to melt, the substrates are gently 

pressed together to prevent the formation of air bubbles inside the electrode overlap area. 

These bubbles may cause catastrophic breakdown when voltage is applied to the sample. 

Once the melted material covers the electrode overlap area and the flow has stopped, the 

assembled sample is rapidly cooled down, as previously described, until it reaches room 

temperature. Then the edges are sealed with epoxy to prevent accidental separation of the 

halves and any undesired effect arising from the material exposure to the environment, 

such as water absorption. 

4.2 Optical characterization 

4.2.1 Linear absorption 

Determining the linear optical properties of newly prepared materials and samples, 

should be among the first stages of any systematic material-characterization protocol. The 

most basic optical characterization is done by taking the linear absorption spectra of thin 

films, thick films or solutions of the material of interest. The linear absorption spectrum 

in the visible-IR region gives information that allows the identification of the moieties in 

the composite by a proper correlation of their absorption bands in the spectral window of 
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interest. Furthermore, this correlation process allows identifying new chemical and 

physical interactions that may arise after mixing the components, such as the formation of 

chromophore aggregates, charge transfer complexes, etc. 

The linear absorption is determined by measuring the transmission losses of a 

monochromatic optical field traveling across a sample of material. Accurate 

measurements require stable light sources with narrow spectral bandwidths and good 

detectors. The transmitted power is determined through Beer's law; that for a 

homogeneous mixture of N non-interacting absorbing species, is given as 

where ^(1) and j^/{/l) are the incident and transmitted powers, d is the optical path length, 

specie, usually in moles per liter, and Sn its molar absorbity . The absorption coefficient of 

the sample is then defined as 

The single wavelength measurements can be expanded to the spectral range of 

interest to obtain the absorption spectrum. The acquisition of accurate absorption spectra 

is usually done with the use of commercially available spectrophotometers that provide 

calibrated sources and detectors, and the ability to use a reference arm to do full-scale 

(100 %T) and baseline (0 %T) corrections, as well as computer controlled acquisition and 

time averaging of the signals. For our measurements, a Cary 5G spectrophotometer was 

(4.2.1) 

which for normal incidence equals the sample thickness; C„ is the concentration of the n* 

(4.2.2) 
N 
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used. This spectrophotometer allows data acquisition in a broad spectral range from 300 

nrr> to 2.6 fim. The data is recorded as either transmittaHce, defined as 

= ̂  (4.2.3) 

or absorbance, also called optical density (OD), defined as 

Ab.s{A) = OD(A) =- log,,, T(A) 

= a(A)d logjf ,e 
(4.2.4) 

The spectrometer also provides the functionality to make dynamic spectroscopic 

studies by defining a computer-controlled timed acquisition protocol. This functionality 

provided the means to measure the in-situ formation and decay of the sensitizer anion 

concentration and other exposure dependent phenomena in our materials. 

For this purpose, an optical fiber was used to couple the light of a diode laser into 

the spectrometer cavity. As shown in Figure 4-1, an afocal system formed by LI with 

focal distance//, and L2 with focal distance f2, provided a magnification given by f2lfl. 

The final beam size at the sample position was controlled by placing an iris in the 

collimated space before LI. The beam was directed into the sample at an angle of 

approximately 60" with respect to the sample normal so that the transmitted beam would 

avoid the aperture. The sample holder, with an aperture diameter of 1 mm, was modified 

to allow the application of high voltages to the sample. An air gap between the sample 

and the metal holder was introduced and extra electrical isolation was provided by thick 

rubber sheets. Due to the sensitivity of the spectrometer detector, extreme care is required 

to prevent light from the diode laser to be couple into the detector path. Less than 1 

jiW/cm^ was typically detected after the pinhole. A diode laser at 635 nm was used to 
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induce the exposure dependent phenomena and the absorption spectrum taken at ditTerent 

time intervals across the spectra] window of interest, typically from 1000 nm to 1200 mm. 

From spectrometer 
CoUimating monochromator 

lens 
Optical fiber 

Mirror 

Iris 

To spectrometer 
detector 

Figure 4-1. Experimental set up for in-situ spectroscopic measurements. Only the 
sample arm is shown. The reference arm was used to compensate for glass losses. 

4.2.2 Refractive index measurement 

The index of refraction of the polymer composites was determined using a 

substrate-mode coupling technique using a Metricon 2010 prism coupler. The substrate-

mode coupling technique requires a thin-film sample to be brought into contact 

underneath the base of a right angie prism where a small air gap is created between the 

film and the prism base. A laser beam at the desired wavelength is directed through the 

prism into its base at an angle that is larger than the critical angle. The beam undergoes 

total internal reflection and its power is then collected with a photodetector. At certain 

angles, often called mode angles, the evanescent field can tunnel the air gap and is 

coupled into the thin-film substrate causing a severe drop of the intensity at the detector. 
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The measurements are automated, and in most cases accuracy to the third decimal place 

can be obtained. 

4.3 Electro-optical characterization 

Linear Sample Phase Analizer 
Polarizer Compensator 

Detector 

Figure 4-2. Transmission ellipsometry geometry. 

Determining the electro-optic properties of a sample requires measuring the 

changes in the refractive index induced by a poling electric field. There is a host of 

experimental techniques that can be used for this purpose [19]. In our case the steady-

state and transient index modulations were measured with a transmission ellipsometry 

technique. 

43.1 Steady-state transmission elipsoimetry 

As shown in Figure 4-2, for a transmission ellipsometry experiment the sample is 

placed between polarizer and analyzer, tilted by an angle f with respect to the optical 

axis. The birefringence induced by applying a field, parallel to the sample's normal n, 
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can then be correlated with a change in the transmitted power. For simplicity, the axes of 

the polarizer-analyzer are set to be orthogonal between each other. For a linearly 

polarized beam transmitted through the sample, the effective indices of refraction for the 

's' and 'p' polarization components are given by 

, 1 cos^(p sin"(p 
« =«. and — = —^+-^, (4.3.1) 

"e 

where n„ and rie are the ordinary and the extraordinary index of refraction respectively. 

Notice that no and rie are electric field and temporal dependent quantities that arise from 

the nonvanishing elements of the electrical susceptibility tensor, therefore all the relevant 

electro-optic contributions are mixed in the total effect. The phase difference between the 

two polarizations components, after passing through the sample is given by 

= • (t.3.2) 

where d  is the sample thickness. As shown in Figure 4-2, after passing the sample, a 

phase compensator such as a Babinet, Berek or Soleil-Babinet prisms, is place to 

introduce a constant retardance phase A that allows the transmitted power to be adjusted 

to a desired value. The transmitted power across the polarizer-analyzer is given by Mai us 

law, which for this experimental geometry can be written as 

+ (4.3.3) 

The function of the phase compensator should now be clear by noticing that 

experimentally, the technique is less sensitive to detecting phase changes if the total 
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phase 5+A, has a value in the vicinity of wmt2 with m being an integer, than when it is 

close to {2/n+l)7c/4, where the transmission changes linearly with the phase. 

The field dependence of the total index modulation induced in the sample is 

obtained by monitoring the transmission across the poiarizer-analjfzer while a ramp 

voltage function is applied to the sample. In our case a Glassman EH-20P05.0 high 

voltage power supply was used to provide the electrical load and the transmitted power 

was acquired using lock-in detection. A LabView program allowed computer controlled 

data acquisition through a National Instruments AT-MIO-16L-9 analog/digital interface 

board. The data acquisition rate required to observe steady-state values, depends on the 

particular contributions to the index modulation. In a photorefractive polymer composite, 

those contributions arise from electronic contributions due to second and third order 

electro-optic effects and from molecular reorientation. The electronic contributions can 

be regarded as instantaneous since they are several orders of magnitude faster than 

molecular reorientation. Molecular reorientation is a diffusive process [88] that may 

extend over long periods of time. However, in a low-Tg polymer most of the birefringent 

response occurs in a range from a few hundreds of microsecond to a few tens of 

milliseconds, so typical acquisition rates around one point per second are used to acquire 

the data. 

4.3.2 Transient transmission ellipsometrv 

The preceding discussion determines that a temporal resolution in the 

microsecond range is required to measure the effects of chromophore reorientation. A 

Tektronix TDS410 oscilloscope provided such temporal resolution. In a typical transient 
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ellipsometry experiment, the sample is subjected to a rectangle function electric field. 

The rising time of the high-voltage supply is required to be below the reorientation 

response times. In our experiments a Hewlett-Packard 8166A pulse/signal generator 

provided the desired rectangle function to the external input of a Matsusada HEOPT-

lOBlO high voltage amplifier with a raising rate of 30 V/ps. For the duration of the pulse, 

the transmitted power is collected with a photodetcctor connected to the digitalizing 

oscilloscope. Prior to any experiment and with the sample properly placed into the setup, 

the phase compensator is adjusted to provide a zero-field phase <5(0 V/nm) + A, equal to 

7t/4. This is done by recording the transmission as a function of the compensator position 

until a maximum and a minimum are observed in the absence of an electric field. The 

compensator is then set so the transmission is half the maximum value. 

In the past, the index modulation (An=«p-yi.,) has been assumed to follow a 

biexponential temporal evolution [32,99,145], given by 

A«{/) = A[\ -  me''-"'  - (1 - m)e '"') (4.3.4) 

where A is a constant, // and t2 are two time constants and m a weighting factor. The 

transmitted power transients are then fitted using equations (4.3.2) to (4.3.4). However, 

an explicit solution of the diffusion rotation equation [86j yields a time dependent index 

modulation expressed in terms of a power-law of the form 

hn{t}= A 12 1+ 5—/"• — 
V 2̂ ~ "̂ 1 2̂ ~ '̂ 1 y 

(4.3.5) 

with Si = r,"' . The fitting parameters Si and A, are related with the dipole-poling field 

interaction energy and with a diffusion coefficient that ultimately describes the diffiisive 
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reorientation process [86]. Although this functional form provides better fits to the 

ellipsometry transients, the lack of a characteristic time constant makes it difficult to 

relate the properties of the ellipsometry transients with those observed in the grating 

formation experiments. However, a detailed analysis of the orientational effects in the 

photorefractive grating formation may require the consideration of this formalism. 

4.4 Photoconductive measurements 

Determining the photoelectrical properties is becoming an essential tool in the 

characterization of any photorefractive material since it provides the means to estimate 

material properties that are essential for describing the formation of space-charge fields. 

4.4.1 Transient photoconductivity measurements 

Sample 

Ig ( t)  = /pRect {t  /At) 

High Voltage 
Source 

Figure 4-3. Circuit used for transient photocurrent measurements. 
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The dynamics of transient photocurrents is of great importance for determining 

the relevant rates and densities involved in the temporal evolution of the space-charge 

field in photorefractive polymers. The electronic circuit used for these measurements is 

shown in Figure 4-3. The sample is placed in a voltage divider configuration with a load 

resistance Rl with typical values between 10 kO to 10 MO. The pair of diodes depicted 

in Figure 4-3 are transient voltage suppressors and provide protection, in the event of a 

sample breakdown, to the input terminal of the instrument selected to measure Voxsiit)', 

typically a digitalizing oscilloscope. The dashed box represents a shielding enclosure that 

isolates the measurement circuit from electromagnetic noise. This box may be connected 

to the common ground of the high voltage source and measurement instrument or may 

be left floating. The best configuration for effective noise rejection depends on the 

particular characteristics of the measurement instrument and the high voltage source. The 

relation between the input voltage Vm and the output voltage Vout(0 is given by 

V (t)= — V. (4.4.1) 
RXm} + K "* 

here Rg is the sample's resistance, and Io{f) is a time dependent irradiance given by a 

rectangle function with duration Af. 

The relation between the current and the measured voltage is given directly by 

Ohm's law VoutCO /(f )Rt,- However, the linearity of the circuit should be evaluated for a 

reasonable range of load resistances. Deviations from linearity may be introduced by an 

improper selection of the diodes in the protection circuit, and by heating of the load 

resistors, so a careful selection of these components must be made to obtain reliable 
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measurements. Also, it should be noticed that the sample has a capacitance that will 

impact the RC time constant of the circuit, limiting its temporal resolution. If high 

temporal resolution is required for any particular measurement, especial care in reducing 

the sample's capacitance and any unintentional capacitive coupling in the electrical 

circuit must be taken. 

With the basic experimental layout described, different transport regimes can be 

evaluated depending on the absorption of the sample at the particular illumination 

wavelength, and on the duration of the pulse. The relevant cases will be described in the 

following sections. 

4.4.1.1 Time-of-flight: mobility measurement 

For these experiments the duration of the light pulse At, is chosen smaller than the 

transit time t,, which is the time it takes for a charge generated at the front electrode to 

move to the back electrode. The wavelength is chosen to be close to the absorption peak 

of the charge generating moiety in the composite. Charge mobility of carriers can then be 

derived from the measurement of the transient photocurrent. This experiment, commonly 

referred to as time-of flight 1146] is based on the assumption that when a short light pulse 

illuminates the sample, it will produce a thin layer of charge carriers within an absorption 

depth S, which is much smaller than the sample thickness d. Such spatially narrow sheet 

of carriers in the absence of traps, are going to generate a photocurrent density given as 

NP . 
jpH =—(^> = (4.4.2) 
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where N is the number of photogenerated carriers, e the elementary charge. Ae the 

electrode overlap and (o) the average speed of the charge carriers which can be 

estimated to be given by d/t,. In the right hand side of the last equation, pis the density of 

photogenerated carriers, // its mobility and E the applied field. The typical light sources 

used for this experiment, have pulse durations in the nanosecond range, with energies 

around a few fiJ per pulse. By relating both sides of equation (4.4.2), the mobility is 

given by 

In the absence of traps, the shape of the transient photocurrent is characterized by 

a sharp increase at time zero that evolves into a constant photocurrent, defining a plateau, 

until the charge package reaches the back electrode, and the photocurrent sharply 

decreases to its baseline value; the transient time is then determined from the transient 

photocurrent as the time elapsed between the sharp rise and the termination of the plateau. 

Time-of-flight has been a useful technique to evaluate the mobility in materials 

with small trap densities, however, when increased, transport becomes dispersive and 

accurate evaluation of the transient times is not always possible. Although this technique 

has been used to evaluate the mobility in some photorefractive composites [77,101,108 ), 

the large increase in dipolar disorder and the presence of large trap densities often leads 

to dispersive transport and the transient time can not be extracted accurately. Other 

techniques have also been proposed to measure the mobility in photorefractive polymers, 

such as holographic time-of-flight [147] and by dc photoconductivity [78,148]. 
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4.4.1.2 Transient photoconductivity 

Transient photoconductivity experiments are carried out by monitoring the 

photocurrent generated in a sample where the absorption at the illumination wavelength 

is low enough to consider that carriers are uniformly being photogenerated across the 

sample, and when the duration of the light pulse is comparable to the time constants 

characterizing the trapping dynamics of the material, which typically may go from a few 

hundreds of microsecond to even hours. 

In a materia] where the trapping dynamics of the shallow and deep traps are well 

separated, two time regimes can be defined; a) a short time scale mainly dominated by 

the dynamics of the shallow traps and b) a long time scale dominated by the deep trap 

dynamics. It has been proposed [77] that under these conditions, a biexponential fit of the 

free-hole density transients can be used to retrieve the detrapping and recombination rates: 

For the trap-unlimited regime (l*>Af>S~~) and in the short time scale, the fitting 

parameter JLi is approximately given by the shallow trapping rate ytT while Aa « 

(sIo+ypQ f^)(jTTy^, where is a quasi steady state free hole density that can be well 

approximated by the maximum hole density po,msx at this time regime. The 

recombination rate y, is then calculated from Ai and the values for yjT and y used to 

simulate the current transients with an arbitrarily chosen detrapping parameter /?/. The 

simulated transients are then fitted with equation (4.4.4) to obtain the parameters l2,sim 

and Bsim and then, an iterative procedure is used to find the detrapping parameter 

(4.4.4) 
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where at each iteration the parameters pj and y are varied to minimize the comparison 

function: 

/ = ^,sim ^ 
\2 / ^n.2 

D 
V Sim J ^,sim 

The long time scale is also analyzed by fitting equation (4.4.4) to the experimental 

transients and a similar iterative procedure to the one described for the short scale is used 

to determine and the two variables of the simulation. It should be noticed that 

the fitting parameter B does not have a direct physical meaning. 

This procedure yields values for y, y?-!', y^M, /?r and jiu- The total shallow and 

deep trap densities and the corresponding trapping rates can not be estimated 

independently using this method. However, for most materials, independent knowledge 

of such parameters is not necessary to carry out the simulations for the first-order Fourier 

components describing the space-charge field formation. 

A linearly polarized HeNe laser was used for these experiments. The pulses where 

generated with an electro-optic modulator (Pockels cell) placed behind an analyzer with 

its axis oriented in the perpendicular direction to the incoming polarization of light, thus 

no light is transmitted (dark state). The electro-optic modulator is then biased at its tc/2 

voltage so the polarization of the incoming light is rotated to pass through the analyzer 

(bright state). The pulse length was adjusted as for the transient ellipsometry experiments, 

with a pulse generator controlling a fast-switching voltage amplifier to provide the 

electrical load to the electro-optic modulator to go to the bright state. As previously 
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mentioned, the sample is biased at a constant voltage and the photogenerated current 

measured with a digitalizing oscilloscope. 

4.4.2 Steady-state conductivity 

Sample. 
Holder 

i{V) 

High Voltage 
Source 

Figure 4-4. Coupling circuit for steady-state dark and photoconductivity 
measurements. 

The electric circuit used to retrieve the current as a function of the applied voltage 

is shown in Figure 4-7. As for the transient measurements, a protection circuit formed by 

two fast-switching diodes was used to protect the Keithley 6517A electrometer 

measuring the current. A load resistor was used to limit the current going to the 

electrometer to a value under 10 mA. The isolation box was grounded to the common 

ground of the electrometer and the high voltage supply as well as the sample holder. 

Under these conditions, and using a computer-controlled set up, a typical noise floor of 1 

pA was obtained. 

Steady-state conductivity properties are determined in the dark and in the 

presence of illumination. For the dark conductivity, an electric field is applied to the 
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sample and the current monitored as a function of the applied field. Typically, the field is 

swept from 0 to 80 V/}j,m over a period of time that is long enough to assure steady-state 

conditions, typically from 5 to 20 min depending on the sample. It should be said that it is 

common that the field dependence of the dark current in previously unbiased samples 

may vary dramatically after a bias field has been applied. Variations arise from trap 

filling in the electrode/polymer boundaries or due to some other effects that may even 

lead to permanent asymmetric conditions in the contacts. Since the dark current arises 

from the combined contributions of the injected carriers, which are usually the main 

contribution to the dark current, and the usually scarce bulk carriers, it is not surprising 

that an asymmetry in the contacts will lead to different dark current readings depending 

on the direction of the bias field. While these effects may be negligible when the sample 

is illuminated, provided the photogenerated carrier density is much bigger than the 

injected carrier density, they are dominant in the dark and a consistent protocol for 

biasing the samples and evaluation is required if accurate measurements are to be made. 

For these reasons, the sample is biased consistently through-out the electric 

characterization, usually by applying the positive load to the front face of the sample, 

determined by the incoming illumination to be used in photoconductivity experiments. It 

is also common, that before a dark conductivity experiment is carried out, a bias voltage, 

typically from 30-50 V/jim, is applied to the sample until all transient effects have 

disappeared. 

For photoconductivity experiments, the sample is biased at a constant voltage and 

the illumination is swept using a Pockels cell and an analyzer, as described for the 
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transient measurements. In this case, the fiinction generator is set to provide a ramp 

function to the voltage amplifier, instead of a rectangle one. Thereafter, the optical power 

is varied from 0 W to a preset value, typically to provide a maximum irradiance of 

around 1 W/cm^ at the sample position. The acquisition time may vary from a few 

minutes to hours depending on the sample characteristics. For samples with large deep 

trap densities, the current may not reach a steady state value in an hour's period and extra 

care should be taken to interpret the currents measured, as the value of the maximum 

photocurrent may be several orders of magnitude bigger or smaller than the steady-state 

value or the one measured at an arbitrary time. 

It is common to report the photoelectric properties in terms of the dark 

conductivity and the photoconductivity. The dark conductivity is defined through Ohm's 

law as /= (TciE, where J is the current density and E the applied field. Experimentally the 

current ij is measured at a certain applied voltage V, so the dark conductivity can be 

calculated as 

(4.4.5) 

where A. is the electrode overlap and d the sample thickness. The photoconductivity is 

defined through the effective photogenerated current, which is calculated as the 

difference between the current measured under illumination im and the current in the dark 

flowing in an area defined by the beam size A/,. The photoconductivity can then be 

calculated as 

O- (4.4.6) 
A,d 
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In the past, the photoconductivity has been used to estimate the photogeneration 

efficiency [80], by using the equation 

(4.4,7) 
adel 

where a is the absorption coefficient, d the sample thickness, e the elementary charge. / 

the irradiance, h the Planck's constant, v the frequency of the light and E the electric 

field. However, it should be noticed that such an equation can only be considered valid in 

the limit of no trapping and low absorption. 

4.5 Photorefractive characterization 

The characterization of the photorefractive properties is done through four-wave 

mixing and two-beam coupling experiments. Four-wave mixing allows determining the 

diffraction efficiency of a photorefractive grating created by two interfering waves. The 

grating is tested with a probe beam counter propagating one of the writing beams and by 

monitoring the power diffracted from the grating. On the other hand, two-beam coupling 

allows measuring the energy transferred between two beams interfering in a 

photorefractive material. 

4.5.1 Sample geometry 

The first consideration should be made in terms of the sample geometry. In all the 

experiments to be described the sample is tilted at an angle y/ with respect to the optical 

axis. This tilt is required since a non-vanishing projection of the applied field along the 

grating vector direction is needed to redistribute the charge carriers, if the photorefractive 
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Figure 4-5.Sample geometry used in four-wave mixing and two-beam coupling 
experiments. 

effect is to be observed. Given the geometry showed in Figure 4-5 and Sneil's law, it is 

possible to derive expressions for the grating spacing and the direction of the grating 

vector, which are given by 

A = -

2?? sin 
^ -«| ̂  

TT a, +a, (p = ^^ 
2 2 

(4.5.1) 

4.5.2 Coupled-wave theory 

The analysis of the experimental results obtained by either two-beam coupling or 

four-wave mixing experiments rely on the description provided by the use of what is 

known as couple-wave theory. The theory assumes that only two optical fields exist 

inside the media. The fields are either the writing beams for a two-beam coupling 
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experiment, or the probe and diffracted beams in the case of four-wave mixing. Such an 

assumption is valid only in the thick-grating regime, where multiple diflraction orders 

can be neglected. According to Kogelnik's work on diffraction [149] when the grating 

parameter Q fulfills the condition 

e = (4.5.2) 
nA 

the medium can be considered thick and all diffracted orders with the exception of the +1 

can be neglected. Otherwise, multiple diffraction orders are seen and the grating is said to 

be in the thin-grating or Raman-Nath regime, see Figure 4-6. 

In the thick-grating regime, the wave vectors inside the material are determined 

by Bragg's condition: 

k2 = k,±K. (4.5.3) 

where K is the grating vector, ki the incident and ka the diffracted beams, see Figure 4-6. 

Figure 4-6. Vector diagram from Bragg (solid arrows) and Raman-Nath regime 
(dashed arrows). 
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Hereafter, the fields are assumed to be plane waves of the form " +c.c. The 

wave propagation is then described for the total field E = Ei+Ej by the scalar wave 

equation 

where K is the effective wave propagation constant. In a photorefractive medium where a 

periodic index grating is present and the limit of small index modulations An«no and 

small absorption a «%, it is given by 

Notice that in contrast with Kogeinik's original paper, the absorption coefficient a, has 

been defined as the attenuation for the intensity and not for the amplitude. 

The propagation equations can be derived if the total field Ei+Ei is substituted 

into equation (4.5.4). Furthermore, if it is assumed that energy is slowly transferred 

between the fields, the slowly-varying envelope approximation (SVEA) can be used to 

neglect second derivatives on the fields. This yields an expression of the form 

The previous equation simplifies by noticing that k\~k= nomic, thus the second term inside 

the first parenthesis cancels the second term in the equation. The projection of each 

V-£ + x-'£ = 0. (4.5.4) 

(4.5.5) 

jte+F^r. 
n. L 

(4.5.6) 
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grating vector onto the Z-axis has been label as k, z. The key observation in reducing 

equation (4.5.6) is that only those terms fulfilling Bragg's condition are considered to be 

non- vanishing. Collecting the terms propagating in the k| and k2 directions, the 

fundamental equations describing the propagation of both optical fields can be written as 

dZ 2c, Ax:, 
' ' (4.5.7) 

oZ 2c, ^ ' 

where k has been substituted by InnoIX, with X the wavelength of light in vacuum, and 

the so-called obliquity factors ci and cj are defined by Figure 4-5 as 

kt Y ^2 2 c, = —^ = cosa, and c, =—— = cosQr2 (4.5.8) 
k k 

Hence, equations (4.5.7) have been used to derive expressions for the diffraction 

efficiency and two-beam coupling gain. 

In a four-wave mixing experiment the phase shift of the grating can be neglected. 

Solutions for equations (4.5.7) were presented in a seminal work, by Kogelnik, for a 

variety of geometries in a medium with possible phase and absorption gratings [149]. To 

solve the equations, Kogelnik proposed solutions of the form 4 = and 

imposed boundary conditions for the transmission grating, namely Ji(0)=l and ^2(0)=0, 

and solved for the amplitude of the diffracted wave at the output of the grating. Defining 

the diffraction efficiency as tj = the analytical expression for a slanted lossy 

dielectric grating can be written as 
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7 = exp — + — 
2 ^ 

ad( 1 1 
, _ T  /  

2 Cj ^2 1 — ^, 
:2 / 

(4-5.9) 

with the parameters vand ^defined as 

Tthnd / A  \  I f  c c d  1  1  
(®r®2) ^ = (4.5.10) 

In materials with low absorption, the absorption term ^ term can be neglected and the 

well known sine squared dependence on the index modulation be obtained. 

The coupled-wave theory can also be used to describe the energy transfer 

occurring in two-beam coupling experiments. In this case, the phase shift of the grating 

O, is fondamental and needs to be considered. In two-beam coupling, the waves are 

coupled through the refractive index grating that is induced by the beams themselves. 

Since the space-charge field depends on the visibility of the interference pattern, the 

index modulation can be related to the intensities of the beams. The coupled-wave 

equations can be converted into equivalent equations on the intensity if it is considered 

that li = \Aif and the fields assumed to have the form 4 = • Notice that for 

simplicity the units have been dropped from the equations. The new equations can then 

be written as 

(4.5.11) 

where f = 
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Notice that the index modulation considered in last equation is the maximum achievable 

assuming m=l. If now it is assumed c,.2=c=cos[(Gri+a2)/2], the former equations can be 

decoupled if the following change of variables is made: U = ljlj , F = /, + • This 

results in the following equations 

— = ,  — = - -V .  (4.5.12) 
dZ c dZ c 

Next we can seek solutions of the form, U(Z)=aue^^'^ and V(Z)= a, and assume that 

the powers are known at Z=0. This allows the coefficients of the new intensities to be 

calculated. Reversing the change of variables, the original intensities can be written as 

I  (£} = I  (1 + 6)(l + be"  V' 
^ \ (4.5.13) 

(£) = (0)^-"'' {\+h)(h + /')"' 

where and i=~ . 
1,(0) c 

It is common to normalize the intensities ML),  after the beams have traveled across the 

material, by the prefactor /,{0)e~*^. Such ratio is expressed in terms of a dimensionless 

factor . Notice that L=d/cos[(ai+a2)/2], d being the thickness of the sample. The gain 

coefficient can then be written as 

r = -j-[ln(/,Z»)-In (1 + 6-7',)] (4.5.14) 

4.5.3 Experimental setup 

The experimental set-up used for the photorefractive characterization is shown in 

Figure 4-7. Two-beam coupling and four-wave mixing experiments require similar 
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experimental conditions and, as already discussed, the same sample geometry. This 

allows a single setup to be easily modified for both characterizations. 

For the experiments to be described in the following chapter, a linearly polarized 

HeNe laser was used to write the gratings in all experiments. An important component of 

the experimental design is to carefully match the optical path lengths of the interfering 

writing beams. This should be done despite the relatively long coherence length of the 

HeNe laser if maximum fringe visibility is to be achieved at the sample position. A 

proper design would also facilitate the use of other sources that may have short coherence 

length, like diode lasers, so the evaluation wavelength can be changed with minimum 

modilications to the setup. 

Ml y 

HWPl 4=W2\ BS 
PDl 

12 PBS 1 

Diode laser 
Pellicle BS Probe beam Ml 1.5 

Sample 
Li M5 

W B 2  

W B l  
M4 M6 L3 L4 

HV 

HeNe 

«0 
PD3 

,PD4 

PD2 

Figure 4-7. Experimental set up used for four-wave mixing and two-beam coupling 
experiments. 
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Now, let us comment on the optical path of the laser as depicted in Figure 4-7. 

The role of the first polarizer beam splitter PBSl is to allow other sources to be coupled 

into the setup with minimum disruption and with ease of alignment if the evaluation 

wants to be done in the infrared. Following the path, the laser bounces in the first mirror 

(Ml) and gets redirected into the polarizer beam splitter PBS2 at an angle of 45° with 

respect to natural frame of the optical table. PBS2 splits the laser beam into its 'p' and's' 

components of polarization. The relative ratio of intensities is controlled with a half-wave 

plate, HWPl. We would refer to the writing beam arising in the direction of the 'p' 

component as the writing beam 1 (WB 1) and in consequence the one arising from the's' 

components as writing beam 2 (WB 2). Depending on the desired polarization, HWP2 

allows having's' polarized writing beams if inserted in the path of WB 1 as shown in 

Figure 4-7, and 'p' polarized writing beams if inserted in the path of WB 2. After M3 and 

M4 the beams are aligned so they are parallel with each other. A pair of 50:50 beam 

splitters BSl and BS2, redirect both writing beams in a direction perpendicular to the 

optical axis and onto mirrors M4 and M5. M4 and M5 are mounted on unidirectional 

translation stages and are used to send the writing beams parallel and symmetrical with 

respect to the optical axis, into the photographic lens L3. The translation stages allow 

control over the interbeam separation, thus over the grating spacing by changing the 

interbeam angle at the sample position. A pair of identical lenses, LI and L2 is 

introduced to create an afocal system with L3. They are placed in a position that allows 

their rear focal planes to coincide in a common plane fl/, located at the front focal plane 

of L3. This afocal configuration allows control over the writing beams' spot size at the 
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sample position as well as over their wavefronts. Controlling the spot size with respect to 

the sample thickness is critical to minimize [150] undesired effects such as beam fanning 

[84] and grating competition [85]. If the lenses are properly placed, the writing beams at 

the sample position will closely resemble a pair of plane waves. Thereafter, high contrast 

straight parallel fringes are to be expected at the sample position. Up to this point, the 

experimental set up is identical for four-wave mixing and two-beam coupling. 

For four-wave mixing, if the HeNe is to be used for probing the grating, a 

membrane beam splitter (Pellicle BS) is introduced before PBS2. The Pellicle BS allows 

reflecting a weak component of the source beam into M7 without changing its direction. 

This allows ease of change from experimental configurations between four-wave mixing 

and two-beam coupling. A polarizer PI is inserted in the path of the probe beam to 

control its state of polarization, and L5 is inserted to create an afocal system in 

combination with the second camera lens L4. This lens is identical to L3 and for 

alignment purpose is placed symmetrically with respect to the focal plane of L3, so that 

the writing beams arise parallel with each other after passing L4. The focal length of L5 

is adjusted so the probe beam size is smaller than the writing beams spot size at the 

sample position, typically around half the size of the latter. The probe beam is aligned so 

it counter propagates WB 1. The probe beam transmitted through the sample, passes 

through BS2 and is collected in the photodetector PD2. In the presence of a grating, the 

probe beam is diffracted in a direction determined by the Bragg condition, thus it counter 

propagates WB 2, passes through BSl and is collected with PDl. For two-beam coupling 
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experiments, no probe beam is needed so the Pellicle BS and PI arc removed from the 

set-up and WB 2 is collected with PD3, while WBI is collected with PD 4. 

4.5.4 Fieid-dependent tests: Steady-state photorefractive characterization. 

4.5.4.1 Steady-state four wave-mixing 

Four-wave mixing has become one of the preferred methods for testing 

photorefractive gratings. A typical four-wave mixing experiment starts with two writing 

beams with equal polarizations, generally 's'-polarized, interfering in a photorefractive 

material, thus producing an index modulation that can be described as a phase grating. 

The phase grating is then tested with a weak probe beam, usually 'p'-polarized, which 

travels counter propagating one of the writing beams. Such combined selection of 

polarization and relative powers, maximizes the visibility of the interference grating, and 

perhaps more importantly, minimizes the interaction between the writing and the probe 

beams. In a steady state experiment, the diffracted power is then monitored as a function 

of an applied field that typically is varied from 0 to 80 V/p.m in a period of time that 

varies depending on the sample characteristics, for our samples, between 3 to 10 minutes. 

The grating strength is quantified through a parameter called the difliaction efficiency. 

There are two ways in which the diffraction efficiency is commonly reported: as internal 

diffraction efficiency or as external diffraction efficiency. The internal diffraction 

efficiency is defined as the ratio of diffracted probe power to the total transmitted power 

in the absence of a grating 

Ttrcmsmitted 
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Notice that this is obtained by a direct measurement of both powers after the sample. The 

external diffraction efficiency is defined as the ratio of the diffracted beam power to the 

incident probe power 

Although, experimentally both definitions can be implemented if two cross 

calibrated detectors are used and differences in optical losses between the sample and the 

detector are accounted for, it is customary to consider the diffracted power simply as the 

loss of the total transmitted probe beam ^^iffraced = - ka,.n,med • The total 

transmitted power and the total incident power should be connected through the 

transmittance T, which should account for all losses in the absence of the grating, such as 

absorption and Fresnel losses. The internal and external diffraction efficiencies can then 

be approximated as 

While this equation provides a more practical way to measure the diffractions efficiency 

and is well suited for most materials, monitoring the diffracted power is always necessary, 

since the complementary' relation between the diffracted and transmitted beams should 

always hold regardless of the field strength if equation (4.5.17) is to be valid. 

The field dependent diffraction efficiency can be used to extract the functional 

form of the index modulation. The experimental data is normally fitted with a simplified 

form of Kogelnik's equation, given by 

(Aotal 
incideni 

(4.5.16) 

VeM Tnm where ^int ~ ^transmitted / ^transmitted ) " (4.5.17) 

(4.5.18) 
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Once the fitting parameters AM and p are determined, the index modulation can be 

calculated by relating the sine argument with that of the full Kogelnik relation: 

nd ^ 
BE" = An 

^Jlyjcosa^ cos a  J 
•e^-e, (4.5.19) 

4.5.4.2 Steady-state two-beam coupling 

Two-beam coupling experiments are used to measure the phase shift between the 

photorefractive grating and the interference pattern. The experiment is done by letting 

two beams interfere in the material, and then monitoring the energy exchange between 

them as a function of an applied field. Given the physical nature of the phase shift, it is to 

be expected that if the direction of the applied field is reversed the direction of the energy 

transfer will reverse as well. The observation of this, so called, asymmetric two-beam 

coupling is a critical test to determine the photorefractive nature of the photoinduced 

gratings in any material. 

In two-beam coupling experiments 'p'-polarized writing beams are typically used 

to provide a fair comparison with the results obtained in four-wave mixing experiments 

where a 'p'-polarized probe beam is normally used to test the grating. Another advantage 

of using 'p' polarized beams is that the energy exchange is stronger than with 's' 

polarized beams. In any case the energy exchange is characterized by the gain coefficient 

which is given by 

r = ^[cosa,Inf, - cosa. In/,] (4.5.20) 
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where d is the sample thickness, m and the internal angles of the writing beams with 

respect to the sample normal and yi and y2 are defined as 

Notice that the numerators are obtained by letting both beams interfere in the sample 

while the field is swept, whereas the denominators are obtained by blocking one beam at 

a time while the field is swept. Therefore, at least three different experiments are required 

to characterize the two-beam coupling gain in a single sample. 

The single beam experiments are in fact crucial not only for the proper 

interpretation of the experimental data obtained in two-beam coupling but also in four-

wave mixing experiments, since they should be used to identify potential problems such 

as beam fanning, grating competition, electroabsorptionf 151 ], etc., that may lead to 

inaccurate estimations of the gain coefficients and diffraction efficiencies. The most 

commonly encountered are beam farming and grating competition. Beam fanning refers 

to the amplification of gratings formed from the interaction between the pump and 

scattered light, which results in a strong coupling of light in the parallel direction to the 

electrodes [84J. The strength of the beam fanning effect depends on the direction of the 

applied field, and is minimized if the positive bias is applied to the back face of the 

sample, as defined by the direction of the incoming beams [152]. Grating competition 

refers to the amplification of gratings formed by the interference of the pump beam, or 

more generally the interference of the writing beams themselves and the multiple internal 

reflections occurring within the electrodes [85,124]. Potential solutions to these problems 

^=0 
and 

^2 ^=0 
(4.5.21) 
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include varying the electrode thickness to minimize the internal reflections, reducing the 

size of the interfering beams or varying the experimental geometry. 

Finally, the gain coefficient estimated from two-beam coupling experiments is 

related to the grating phase shift €> through the following equation 

r = i£(ej.e^)Ansin# (4.5.22) 
X 

where the index modulation An, can be obtained from four-wave mixing experiments if 

the appropriate polarizations is used to test the grating. 

4.5.5 Temporal characterization. Transient four-wave mixing 

Transient four-wave mixing experiments were used to characterize the response 

time of our materials. In a typical experiment a constant field is applied to the sample 

soon after the probe beam and one of the writing beams are turned on by opening an 

electrical shutter. After some delay, typically of a few milliseconds, the second writing 

beam is turned on for the desired period of time and then turned off. The shutter remains 

open with the probe and one writing beam going into the sample until the experiment is 

terminated by closing the shutter. Switching on and off the second writing beam is done 

with a Pockels cell that is controlled as described in the transient photoconductivity 

measurements. The diffracted and transmitted powers are monitored with a digitalizing 

oscilloscope during the entire time that the shutter remains open. 

Typically, the temporal evolution of the index modulation is assumed to be 

described by a weighted biexponential function. A simplified form of Kogelnik's 

equation is used to fit the diffracted power transients, which is given by 



129 

77 = /4sin'[s(l-we +(1-/«)e'"^)] (4.5.23) 

where A, B, m, t \  and /i are the fitting parameters. In general, this functional form 

provided excellent fits to the experimental transients. Although the weighted bi-

exponential function has been extensively used in the literature, for some materials the 

deviations are so severe that other functional forms have been considered, such as single 

exponentials and stretched exponentials which in each particular case provided better fits 

to the experimental data. 

In the literature, the temporal evolution of the photorefractive gratings has been 

characterized by either two-beam coupling or four-wave mixing experiments. In either 

case, one or more time constants are given to characterize the temporal response of the 

material. However, it should be noticed that the transient signals in each experiment are 

sensitive to slightly different physical contributions. Furthermore, the lack of analytical 

solutions describing the transients in either case has resulted in that the experimental 

results are analyzed by fitting empirical functions to them, typically with one or two time 

constants which are then given as the response time of the material. This situation has 

made it very difficult to establish a fair comparison between the results reported by each 

group when different evaluation techniques are used. The particular merits of each 

technique are uncertain and may rely more on an experimental convenience, and the 

particular interest that each group may have in developing materials for certain kind of 

applications, than on any fundamental physical merit. 
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CHAPTER 5 RESULTS AND DISCUSSION 

The results to be presented in this chapter, describe the advances obtained in the 

characterization and optimization of two different groups of photorefractive polymer 

composites. First, the properties of all-organic photorefractive composites containing a 

new acrylate polymer with pendant TPD groups as a host, and a new chromophore 

DBDC, will be described. Such materials exhibit an unprecedented combination of video-

rate response times, large dynamic range, and stable photorefractive properties that 

allows continuous operation for extended periods of time [153,154]. Second, an analysis 

of the trapping mechanisms and the effects of chromophore association on the 

photorefractive properties of such materials will be presented [155]. Finally, the 

photorefractive properties of composites sensitized with CdSe nanoparticles with 

unprecedented performance will be discussed [156]. 

5.1 Stability under continuous operation: PATPD-based photorefractive composites 

At the beginning of this work, the degradation, and more generally the strong 

variation of the properties of photorefractive polymers under its continuous operation 

constituted a major concern towards the development of materials that could combine 

state-of-the-art steady-state and dynamic properties. As discussed in the previous section, 

a major limitation in achieving such materials was that chromophores can act as hole-

traps if their ionization potential is smaller than that of the transport manifold. While a 

critical density of traps is required to maximize the space charge field, an excess of traps 

leads to the degradation of the photoconductive properties and produces an undesired 
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history-dependent photorefractive performance [81], Even though it is possible to 

increase the ionization potential of the chromophores through chemical modification of 

its donor and acceptor groups, this kind of modification is usually detrimental to the 

figure-of-merit of the chromophore, thus reduces the dynamic range of the 

photorefractive composite. In PVK, this approach was tested by increasing the Ip through 

fluorination of a series of derivatives of the dicyanostyrene family [80]. Stability of 

operation was achieved on those composites containing chromophores with larger 

ionization potential than PVK (5.9 eV) at the expense of decreasing the steady-state and 

dynamic properties of the photorefractive composite [81J. Since increasing the 

chromophore figure-of-merit calls for larger electronic delocalization that usually leads to 

a reduction of the ionization potential, the intuitive way to proceed is to consider a hole-

conducting polymer with an ionization potential small enough to prevent those 

chromophores with large figures-of-merit to act as hole-traps in the photoconductive 

manifold. The choice of a chromophore with large figure-of-merit such as the commonly 

used dicyanostyrene derivatives [83,157] and the development of an improved 

photoconductive host can be viewed as the starting point of this work. 

5.1.1 New materials 

The chromophore: DBDC 

The new chromophore to be used through out this work is a ring-locked polyene 

derivative, 3-(A^V-di-«-butylani 1 ine-4-y 1)-1 -dicyanomethylidene-2-cyclohexene (DBDC) 

[158], see Figure 5-1. The chromophore was developed by Professor Seth R. Marder's 

group, and its structure is consistent with the afore mentioned bond-length alternation 
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Figure 5-1. Molar absorbity spectrum of DBDC in THF. Inset show the chemical 
structure of DBDC. 

design strategy [90,120], While polyenes have been known to show high nonlinear 

properties, extended polyenes usually don't have thermal stability above 200"C [159]. 

Their incorporation into a ring configuration confers such thermal stability and prevents 

any undesirable effects coming from a cis-trans isomerization. The extended bridge 

connecting the dicyanomethylidene acceptor is expected to enhance the nonlinear 

properties of the chromophore, as compared for instance with the well known 7-DCST. 

As shown in Figure 5-1, the absorption spectra of DBDC shows an absorption peak at 

477 nm in THF. The absorption maximum is red shifted with respect to similar 

chromophores of the dicyanostyrene derivatives, such as 7-DCST the other chromophore 

used in this work, with a maximum at 435 nm in THF. A red shifted absorption peak is 

evidence of the extended electronic delocalization in DBDC as compared with 7-DCST. 
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Using cyclic voltammetry experiments, the ionization potential of DBDC was 

estimated to be 5.6 eV. It is worth noticing that this value is smaller than that of PVK, 5.9 

eV, therefore if DBDC is used in a PVK-based composite a strong degradation of the 

dynamic properties is to be expected. 

The polymer matrix: PA TPD 

0.8 

0.6 
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0.0 
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Figure 5-2. Absorption spectrum of PATPD in toluene. Inset shows the chemical 
structure of PATPD. 

The new polymer matrix PATPD was developed in collaboration with Nitto 

Denko Technical Corporation. It consists of a polyacrylate backbone and a well known 

hole-transporting tetraphenyldiaminobiphenyl-type (TPD) pendant group attached 

through an alkoxy linker, see Figure 5-2 . The flexible (alkoxy) spacer in PATPD is 

important since it allows a reduction of its glass transition temperature to 65°C, confers 

structural flexibility and orientational freedom to the TPD units in the polymer [160]. The 

weight-average molecular weight of PATPD is 16430 g/mol, measured by gel-
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permeation chromatography. In contrast with the relatively large ionization potential of 

ECZ the monomer of PVK(~ 5.9eV), TPD has a smaller ionization potential, estimated to 

be 5.5 eV by cyclic voltammetry, and hole-mobilities larger than 10"'* cm^/Vs [60]. In 

PATPD, the ionization potential was estimated to be 5.4 eV, and the charge mobility for 

holes was on the same order of magnitude than other polymers containing TPD moieties 

[101], The absorption spectrum of PATPD in toluene shows no absorption in the visible 

and a distinctive peak at 354 nm, as shown in Figure 5-2. 

5.1.2 Sample description 

A large variety of materials and material compositions were evaluated towards the 

completion of this research project. Here, only the most relevant ones that were 

fabricated for the purpose of demonstrating the improvement of the photorefractive 

properties achieved will be presented. 

The polymer composites to be considered had the following composition: 

PATPD/7-DCST/ECZ/C60 (49.5/35/15/0.5 wt. %) (CI), PATPD/DBDC/ECZ/Ceo 

(49.5/30/20/0.5 wt. %) (C2), and PATPD/T-DCST/DBDC/ECZ/Ceo (49.5/20/20/10/0.5 wt. 

%) (C3). At room temperature, the samples CI, C3 showed good phase-stability for a 

period of several months, but at 60" C, signs of phase separation were observed after a 

couple of hours. In contrast, samples C2 neither have shown signs of phase separation for 

more than two years nor under accelerated aging conditions at 60° C for more than a 

week. In differential scanning caJorimetry experiments, all composites displayed a broad 

thermal transition indicative of a Tg around 40° C measured by a TA Instruments DSC 

2920 modulated differential scanning calorimeter. Orientational mobility was further 
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confirmed by transient ellipsometric measurements. Using a biexponential fit, the typical 

dominant constants for the chromophore reorientation were around 300 jis. However, the 

reorientation process was very diffusive and continued even after several seconds. An 

index of refraction of 1.75 was measured at 633 nm in C-type samples. To establish a 

comparison with the dynamic response under continuous operation, reference composites, 

R1 and R2 were prepared replacing PATPD with PVK but otherwise having 

compositions identical to samples CI and C2 respectively. A third composite containing 

a mixture of chromophores doped into a PVK matrix was prepared with composition 

PVK/7-DCST/DBDC/ECZ/C60 (40/20/20/19.5/0.5 wt. %) (R3). In contrast with the 

PATPD samples, their PVK analogs R1 and R2 showed a well defined Tg around 25 °C, 

while in R3 a reduced Tg of 12 °C was found. 

5.1.3 In-situ Ceo" spectroscopy 
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(a) (b) 
Figure 5-3. (a) Typical absorption spectra for in-situ measurement of the Cgo 

growth, (b) Differences between in-situ Cso~ growth measurements (circles) and with the 
old technique (squares). 
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In the past, was identified as the active photorefractive trap because it was 

shown that its density was approximately equal to the density of filled traps measured by 

two-beam coupling experiments. Although recently the role of C6o as the effective 

photorefractive trap as been disputed in the literature [77], in the limit of small 

photogenerated charge carrier densities, its density is in fact a good measure of the filled 

trap density. The build-up of a concentration of can be followed spectroscopically if 

the characteristic absorption band near 1080 nm is followed as a function of optical 

exposure and electrical bias [79], see Figure 5-3(a). The concentration of anions at 

different exposures can then be calculated from the absorbance at the peak of the 

absorption band, given a molar absorbity of 12000 L mol"' cm"'. 

In the early stages of this work, the C^o concentration was followed by an 

iterative process consisting in exposing the sample for a predetermined period of time. 

Then, all exposure was suspended and the sample was taken out the exposure setup and 

into the spectrophotometer for the absorption measurements. Although this method 

provided good estimates for the order of magnitude of the concentration of anions, the 

information contained in the growth rate was lost by the time taken to move the sample in 

and out of the spectrophotometer, see Figure 5-3 (b). This problem was addressed, and a 

setup that allowed in-situ spectroscopic measurements was developed. 

The concentration of anions was determined in-situ for samples CI, C2, and R2 

for comparison. For these measurements, samples were biased at 57 V/|im and exposed 

to a 635 nm-laser beam with 0.5 W/cm^ at the sample position. All samples were exposed 

beyond exposures of 4 kJ/cm^. In C-type samples the Ceo" concentrations were several 
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folds smaller than those in R-type samples, see Figure 5-4. Although the concentrations 

of Cft) observed in CI are consistent with the values obtained in samples with low 

density of deep traps, i.e. when the HOMO of the chromophore lies below the transport 

manifold [79-81 J, the concentrations observed in C2 are significantly higher than 

expected from the relative positions of the HOMO levels of the moieties in the composite. 

This discrepancy will lead to the studies described in section 5.2. The values of 

concentrations obtained in R2 are in good agreement with the values expected for PVK 

when the chromophore is acting as a deep hole-trap [79-81], 
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Figure 5-4. In-situ exposure dependence of the Cgo growth in samples C1(A) 
containing 7-DCST, C2 (O) containing DBDC and the PVK-based R2(#) containing 
DBDC. 



138 

5.1.4 Stability under continuous operation 

5.1.4.1 Stability of the dynamic response 
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Figure 5-5. Exposure dependence of the dominant time constant xi in PATPD-based 
samples CI (A), C2 (O) and C3 (O); and in PVK-based samples RI (A) and R2 (•). 

To asses the impact of the accumulation of €50 anions on the dynamic response, 

the exposure dependence of the grating dynamics was measured. The dynamic response 

was determined by transient four-wave mixing experiments at 48 V/|im. Discrete 

samplings of the grating build-up and erasure were taken over the exposure time. During 

exposure, the .sample was electrically biased at 57 V/fim while illuminated by a single 

writing beam with t>pical fluence of 0.5 W/cm^. Before each sampling (except the initial 

one), the electric field was adjusted from the exposure to the test value while the sample 

remained continuously being exposed to a single writing beam. Then, a transient four-

wave mixing experiment was carried out by switching on and off the second writing 
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2 
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beam and finally the field was adjusted back to the exposure value and the exposure 

continued until the next sampling was taken. The tilted-geometry configuration described 

in the experimental section was used, with the writing beams incident onto the sample 

with an interbeam angle of 20.5° in air, and with the surface sample normal tilted 60° 

with respect to the writing beam bisector. A grating spacing of around 3.2 fjm can be 

calculated jfrom this geometry. The transients were fitted using a sine-squared weighted 

bi-exponential function as described in the experimental part. 

The evolution of the fast time constant (xi) characterizing the grating growth in all 

samples as a function of exposure is shown in Figure 5-5. A remarkable stability of Xi 

was observed in C-type samples as compared with the rapidly degrading response times 

in R-type samples. Such stability correlates with the relative concentration of Ceo anions 

observed in PATPD-based samples as compared with their PVK counterparts. 

With minimum exposure, sample C3 shows a dominant time constant of 16 ms at 

57 V/|im, that is faster than the dominant time constants obtained in CI and C2, both 35 

ms. After the samples have been exposed beyond exposures of 4 kJ/cm' at a field of 57 

V/iim. the dominant time constants in samples C3 undergo a three-fold increase that is 

larger than the 1.5 increase observed in C2 and the decreasing time constants observed in 

CI. In contrast with PVK-based materials, video-rate compatible response times are 

observed in all C-type samples even after such prolonged exposures. Figure 5-6 shows 

the fastest transients observed in samples with minimized exposure. Typical weighting 

factors (m) obtained, varied from 0.63 to 0.68 for C1, from 0.74 to 0.81 for C2, and from 

0.65 to 0.8 in C3, which is indicative of the dominant nature of the initial grating 
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formation rate. In all C-type samples, the second time constants (T2) are in the few 

hundreds of millisecond range and show little, if any, exposure dependence. The erasure 

of the grating under one writing beam was also fitted by a bi-exponential function, and 

yielded the same trend than the grating formation response times, with dominant time 

constants below 20 ms in C-type samples, accounting for more than 70% of the transient, 

for all exposure values. In contrast R-type samples exceeded 100 ms for exposures above 

100 J/cm^. While the degradation of the dynamic response in PVK-based samples can be 

explained by noticing that 7-DCST and DBDC are acting as hole-traps, the small 

degradation of the response times in samples C2 and C3 was unexpected from the relative 

positions of the HOMO levels of the moieties in the composites, and will be addressed in 

section 5.2. 

0.01 0.1 1 10 
Time (s) 

Figure 5-6. Transient four-wave mixing signals corresponding to the fastest response 
times observed in CI (A) at 71 V/jun, in C2(0) at 81 V/pm, and in C3(0) at 52 V/fim, 
where and offset has been introduced for clarity. Solid lines are fits to sine-squared 
biexponential function. The total writing beam irradiance in all experiments was 1 W/cm". 
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5.1.4.2 Stability of the steady-state photorefractive properties 

At the beginning of this work, a detailed study of the exposure dependence of the 

steady-state photorefractive properties in PVK-based materials doped with DBDC and 

mixtures with 7-DCST (C3) was made [161]. The results, analyzed by considering C(,o~ 

as the effective photorefractive trap, led to a similar conclusion to the one drawn in a 

previous study produced in the group [81]. That study showed that upon optical and 

electrical exposure, the space-charge field approaches its saturation value, characterized 

by a quadratic field dependence of the index modulation, in composites where the 

chromophores can act as hole-traps. 

In C-type samples this kind of characterization was not pursued in detail. 

However, the steady-state field dependence of the diffraction efficiency was measured in 

materials with no exposure history, and after finishing the characterization of the 

dynamic properties, therefore in samples exposed beyond 4 kJ/cm at 57 V/[im. Figure 

5-7 shows the normalized diffraction efficiencies obtained in samples R3 and C3 with 

minimized exposure, hereafter referred as unexposed samples, and after exposure. Using 

the simplified Kogelnik's equation (4.5.18), a power dependence p=\.19 is obtained in 

unexposed R3, and p=l.92 after the samples have been exposed, which could be 

interpreted as a tendency of the space charge field to approach its saturated value. In 

contrast, in the more stable C3, the field dependence in unexposed samples was 77=1.74 

and changed to /?=1.80 after exposure. This may be expected since in samples C3, to first 

approximation, the chromophores should not be acting as hole-traps. Thereafter the 

concentration of trapping sites and the trap limiting field in C3 is expected to be smaller 



142 

than in R3. In samples C2 stable diffraction efficiencies were also found with a power 

dependencep=\.ll in exposed and unexposed samples. However, in samples CI where 

7-DCST has a much larger ionization potential than PATPD, the power field dependence 

decreased from an initial value of /?=1.69 in unexposed samples to jf=L4 in exposed ones. 

This behavior is similar to the one observed in PVK-based materials if a chromophore 

with larger ionization potential than PVK is used [81J. 

The external diftraction efficiencies and their corresponding index modulations 

obtained after exposure are summarized in Figure 5-8(a). Internal diffraction efficiencies 

above 95 % were observed in C2 and C3. where the external diffraction efficiency was 

limited mainly by absorption; in samples CI, scattering and absorption contributed to the 

optical losses observed in the sample. As shown in Figure 5-8(b), two beam coupling 

experiments yield net gains in all C-type samples, with absorption coefficients of 18 cm"' 

in CI. 39 cm ' in C2, and 47 cm"' in C3. 
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Figure 5-7. (a) Normalized dif&action efficiency before (•) and after (^) exposure 
in R3. (b) Normalized diflraction efficiency before (O) and after (<]) exposure in C3. 
Solid lines are fits to Kogelnik equation. 
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In summary, the exposure dependence of the photorefractive properties in C-type 

samples correlates with the relative densities of C6o obtained through spectroscopic 

measurements. Samples CI however, differ significantly in their behavior with respect to 

samples C2 and C3 which show common properties. In samples C2 and C3 a larger trap 

density is inferred from the small degradation of their response times and from the larger 

field power dependences of the diffraction efficiency, indicative of space charge fields 

closer to saturation than in samples CI. The common element in C2 and C3 is that both 

contain DBDC, therefore it is reasonable to think that effects arising from the use of high 

chromophore loadings, such as the association of chromophores leading to the formation 

of dimers or larger aggregates may be responsible for the increased trap densities in these 

materials. 
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Figure 5-8.(a) Field dependent external diffraction efficiencies taken after exposure in 
samples CI (A), C2 (O) and C3 (O). The inset shows the correspondent index 
modulations, (b) Two-beam coupling gain coefficient in samples CI (A), C2 (O) and C3 
(O), taken after exposure. 
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The formation such chromophore aggregates is also suggested from the relatively 

small index modulations obtained in samples C3 as compared with the unexposed 

modulations obtained in R-lype samples. For instance, consider the inset of Figure 5-9 

which shows the index modulation obtained in two different PVK-based materials (solid 

symbols), R1 containing 7-DCST at 35 wt. % and R2a with composition 

PVK/ECZ/DBDC/Cgo (54.5/25/20/0.5 wt. %). The identical index modulations obtained 

between Rl and R2a can be explained by assuming a larger FOM of DBDC as compared 

with that of 7-DCST. This may be expected from the extended electronic delocalization 

in DBDC leading to a larger dipole moment, and provided the space-charge field is 

saturated in both composites. Also it should be noticed that samples CI show the same 

index modulations than its PVK counterpart Rl. However, when samples C2 are 

compared with R2, a significantly smaller index modulation is observed. 
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Figure 5-9. Field dependent index modulation obtained by four-wave mixing 
experiments in R2 (A) and C2 (A). Inset shows the field dependent index modulation in 
samples Rl(#) and R2a (•). 
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Moreover the index modulation obtained in samples R2 containing 30 wt. % and 

samples R2a containing 20 wt. % of DBDC is almost identical, which suggest that above 

certain concentration threshold, chromophore aggregates such as dimers in a head-to-toe 

configuration or larger aggregates with reduced electro-optic properties may be formed. 

All these observations support the idea that in composites containing DBDC, the 

association of chromophore molecules is happening and has critical effects in both the 

steady-state and the dynamic properties of the materials. 

5.1.5 Modulated operation - Writing-erasing cycling experiments. 

Time (s) Time (s) 

(a) (b) 

Figure 5-10 Transient four-wave mixing experiments using a writing beam chopped 
at 20 Hz. (a) shows the response of sample CI using a dc writing beam and the 
modulated beam; (b) shows the response of sample C2 to the modulated beam for a 
period of an 1 hr and 30 min. 

The combination of photorefractive properties of C-type samples allows for 

continuous operation over prolonged periods of time. The ability to write and erase 

information at video-rates .should enable optical processing using iterative write-erase 

cycles. This possibility was explored in a four-wave mixing configuration by using one 
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dc writing beam and by chopping the other one at a given frequency while the diffracted 

beam was contimiously monitored. As shown in Figure 5-10(a), the response of CI at 20 

Hz reaches around 80 % of the signal observed with a continuous beam, with a small 

background signal of around 10 %. A stable response was observed over a period of 3 s 

when the sample was biased at 71 V/|im. The same kind of experiments was tried using 

samples C2 at 57 V/fim. The ability to go over 10^ writing-erasing cycles was 

demonstrated, although a stronger background signal and variability were observed as a 

consequence of the degrading dynamics in the material, a contrast between the maximum 

and the background signals bigger than 50 % was maintained for over an hour an a half 

of continuous operation, see Figure 5-10(b). This demonstrates the potential of PATPD 

for optical processing at video rates, which brings the materials one step closer to real 

applications. 

5.2 Trapping in PATPD-based composites 

The possible association of chromophore molecules in composites containing 

DBDC provided the motivation for a study on the formation of trapping sites in PATPD-

based compositcs. In this section, a correlation between the formation of chromophore 

aggregates such as dimers or trimers and the density of traps in the polymer composite 

will be described. 

5.2.1 Formation of aggregates 

When highly-polar chromophores are doped, at high loading concentrations, into 

a low-Fg polymer binder, molecular association is likely to happen due to strong dipolar 
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interactions. When two chromophore molecules interact to form an aggregate, the 

aggregation process can lead to a reduced ionization potential as compared with the one 

of a single chromophore [162]. Therefore, this process has the potential to place the 

aggregate's HOMO level in a position where it could act as a hole-trapping site for the 

transport manifold. The formation of aggregates can be identified as deviations from 

Beer's law when linear absorption spectra are taken as a function of chromophore 

concentration. For this purpose we investigated polymer composites with general 

composition PATPD/ECZ/DBDC. In all composites, the ratio in weight between the 

matrix PATPD and the plasticizer ECZ was kept constant and equal to 2.5:1. Composites 

with dilTerent loading levels of DBDC were prepared and dissolved in dichloromethane 

to spin-coat thin films onto glass substrates. 
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Figure 5-11 a) Normalized absorption spectrum of spin-coated films of PATPD-based 
composites with 10 wt. % (•), 20 wt. % (O) and 30 wt. % (A) of DBDC. The solid line 
is the normalized spectra of DBDC in THF. The inset shows also the absorption spectrum 
of spin-coated films of PATPD composites with 10 wt. % (•), 30 wt. % (•) of 7-DCST, 
and with mixtures of DBDC/7-DCST at 5/5 wt. % (O) and 20/20 wt. % {D>). 
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The absorption spectra of such samples revealed the formation of a new red-

shifted absorption band at DBDC concentrations above 10 wt. %. This new band is 

indicative of strong chromophore-chromophore interactions that produce a deviation 

from the expected Beer's law, and can be attributed to the formation of chromophore 

aggregates. For comparison, the same experiment was repeated replacing DBDC with the 

well known chromophore 7-DCST (see inset of Figure 5-11). In this case, no change in 

the absorption spectra could be observed for concentrations up to 30 wt. %. In the past 

[163], chromophore aggregation was reduced by increasing the polarity of the 

surrounding medium and achieved by adding a second chromophore. With this in mind, 

we used mixtures of DBDC and 7-DCST as in composites R3 and C3 presented in 

section 5.1. However, as shown in the inset of Figure 5-11, even at concentrations of 

20/20 wt. %, the presence of strong chromophore-to-chromophore interactions are 

already evident. Even though the conformational nature of the chromophore aggregates is 

not clear and a detailed study is needed to fully characterize its properties, the red-shifted 

absorption reflects a reduction of around 0.3 eV in the optical band-gap of the aggregates 

and opens the possibility of having DBDC aggregates with a HOMO level located within 

or slightly above the transport manifold, thus allowing them to act as hole-traps in the 

composite. The role of such aggregates as hole-traps in the system should therefore be 

reflected in the temporal evolution of the photocurrent density and in the accumulation of 

sensitizer anions, in this case Cgo anions, as a function of chromophore concentration. 
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5.2.2 Zero-order equations for the temporal evolution of the pbotocurrent density 

To describe the effects of chmmophore aggregation on the photoelectric 

properties of the composites the two-trapping site model described in Chapter 2 is used. 

The zero-order set of equations describing the photoelectric properties under uniform 

illumination are then simplified by considering the limiting case where the trap density is 

much larger than the sensitizer density (S«T,M). In this situation, also called trap-

unlimited regime, the resulting set of equations describing the photoelectric properties 

can be written as 

These equations can be solved numerically for the density of filled traps, 

sensitizer anions and free-holes if the relevant rates are known. The numerical 

simulations were implemented in MATLAB, and solutions obtained using ODE suite 

functions, which in general are based on a Runge-Kutta method. The selection of a trap-

unlimited regime is justified given the relative concentrations of the moieties in the 

composite. The density of molecules can be calculated as: 

at 

at 

at 
J{t)=^epia{EJp^{t)E^ . 

(5.2.1) 

(5.2.2) 
lOOM, 
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where Na is Avogadro's number, S the density of the polymer, Cm% the weight 

percentage of the particular moiety and the molecular weight. Once the density of 

molecules has been calculated for a particular moiety, the average distance between 

molecules can also be calculated by assuming an isotropic space distribution. This can be 

done using the law of distribution for nearest neighbors introduced by Chandrasekhar 

[164], which is given by: 

where n is the density of molecules. 

For sample C2, the estimated values for the spatial and energetical distribution of 

the moieties are given in Table 1. Provided the relative concentrations between DBDC 

and Cgo molecules, it seems reasonable to assume that the trapping densities created by 

the aggregation of chromophores will be much larger than the density of sensitizer 

molecules, even if only a small percentage undergoes aggregation. However, the 

spectroscopic evidence along with the reduced index modulations may suggest that more 

than a third of the chromophores are in an aggregate state. 

Table 1 Energetic and compositional parameters for sample C2. The average 

intermolecular distance provided a total molecular density of 21.2 xlO^^ m"' is 4.3 A. 

(5.2.3) 

Sample: C2 Ip (eV) Cwj% Mw (g/mol) « (m') 91 (A) 

TPD units /P'ATPD 
DBDC 
ECZ 

5.4 36/49.5 487.6 
5.6 30 347.5 
5.9 20 181.2 
6.4 0.5 720 

487.6 
347.5 
181.2 
720 

s.sxisr^ < 6.6 
6.8 x u)-" 6.3 
8.6 x 10^' 5.8 
5.4 x 10'' 31.5 
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A few observations can also be made from the parameters provided in Table 1. 

First it is worth noticing that the density of molecules of TPD units, ECZ and DBIX! is 

rather similar. With the consideration that TPD units are linked through the polymer 

chain, it is possible that the average distance between them is in fact much smaller than 

the one calculated. Once a Ceo molecule is photoexcited, a charge transfer reaction can 

happen with an ECZ, DBDC or TPD molecule provided a nearest-neighbor charge 

transfer interaction. The charge transfer rate though, depends on the energy difference 

tkEoA between the HOMO levels of the donor an acceptor molecules, and on the 

reorganization energy X. In the noninverted regime the rate of transfer should increase 

with increasing MIda, thus most of the charge is expected be injected into the PATPD 

transport manifold. For simplicity, the model will only consider afore mentioned process 

as unique, and all other routes leading to photogeneration and transport will be ignored. 

5.2.2 Sample description and experimental technique 

We investigated polymer composites with general composition 

PATPD/ECZ/DBDC/Cfio. As before, the ratio in weight between the matrix PATPD and 

the plasticizer ECZ was kept constant and equal to 2.5:1 respectively. In these samples 

Ceo was doped into the photorefractive host at 0.5 wt. %. Composites with 0.1, 1, 10 and 

30 wt % loadings of DBDC were prepared. 

The time dependence of the photogenerated current density was measured for two 

time scales. For the "short time" scale, the current was measured during the following 

sequence: 1) the sample was biased at 57 V/|im, 2) the sample stayed in the dark for 0.1 s. 
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3) laser irradiation at 633 nm was switched on with a Pockels cell for 40 s. After each run, 

the sample was moved to a new position to assure minimum pre-illumination at the 

beginning of each experiment. The light source available allowed for a maximum 

irradiance of 250 mW/cm". The "long time" scale was measured with a Keithley 6517A 

electrometer while the Ceo anion growth was followed spectroscopically in-situ [165] for 

around 1 hr while the samples were biased at 57 V/|xm and exposed to 0.67 W/cm laser 

irradiation at 635 nm. For both time scales, prior to the experiment samples were 

electrically biased at 57 V/^im for a period of 5 min until the dark current reached steady-

state. Although this pre-exposure to electrical bias in PVK-based materials can lead to an 

early formation of Ceo anions, no such effect was observed with PATPD-based samples. 

The photocurrent transients were analyzed as described in Chapter 4 to obtain the 

trapping, detrapping and recombination rates. However, such procedure requires a clear 

separation of the two time regimes defined by the deep and shallow trap dynamics. For 

our samples that did not seem to be the case so the estimations made through 

biexponentiaJ fits were used as initial values for the numerical simulations, but later were 

allowed to vary to obtain the best fits to the photocurrents. The photogeneration cross-

section was estimated from the "steady-state" photogenerated current density Jphoto, given 

by the equation [71]: 

(5.2.4) 
e^s^EJ 

where Eo is the external applied electric field, I the irradiance, Sdc the dielectric constant 

and 8o the permittivity of vacuum. For the "steady-state" photogenerated current density 
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measurements, the electric field was set constant and the irradiance swept from a 0 to 1.5 

W/cm^ for a period of 10 min. 

5.2.3 Experimental results and simulations 

The first step towards the analysis of the photoelectric properties was to determine 

the photogeneration cross-section, SQ. Such an approximation yields a non-constant 

photogeneration cross-section, most likely because the measurements of the 

photogenerated current density did not take into account the strong temporal dependence 

of the photocurrent transients. Instead, for the composite containing 30 wt. % of DBDC, 

corresponding to sample C2 in the first section of this chapter, the value of the 

photogeneration cross-section was calculated using the values obtained at low irradiances 

(<100 mW/cm^) and the value of the photogeneration rate sqIq was extrapolated assuming 

a linear dependence with irradiance. This way, a value of so = 4.5 x 10"^ ± 3 x 10"^ cm^/J 

was obtained. When compared with the values for the photogeneration cross-section 

reported in PVK and TPD-PPV the value seems rather small. This may be due to the fact 

that mobile charges can be generated by photons directly absorbed by the cliromophore 

with smaller photogeneration efficiency than the ones generated through Cgo absorption, 

thus resulting in a lower photogeneration cross-section. On the other hand, a mobility 

of Pa ~ 3.8 x 10"^ cm^A^s produced good agreement with the photogenerated current 

density transients. Although experiments such as xerographic and time-of-flight would be 

desirable to provide a reliable characterization of the photogeneration cross-section, the 

dispersive nature of the transport in C2 prevented the mobility to be measured by time-of-

flight experiments and a xerographic discharge set up was not available. 
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Figure 5-12. Temporal evolution of the photogenerated current density at 38 mW/cm" 
(A), 117 mW/cm^ (•) and 246 mW/cm^ (O) in samples C2 biased at 57 V/um. Solid 
lines are numerical simulations. The dotted line is a simulation at 640 mW/cm obtained 
by extrapolation of the relevant parameters as described in the text. 

The temporal evolution of the photogenerated current density at different 

irradiance values is shown in Figure 5-12 along with the simulated transients. The use of 

different irradiances served two purposes: 1) confirm the validity of the model and 2) 

extrapolate the parameters needed for the simulation at the irradiance used in the Ceo 

anion build-up experiments. 

The trapping and recombination parameters used for the simulation extracted 

from bi-exponential fits, as described in the Chapter 4, lead to an unexpected irradiance 

dependent shallow trapping rate (//-?). The trapping rate increased with increasing 

irradiance. On the other hand, the detrapping rate, fir, also needed to be adjusted for 

different irradiances. Similar irradiance dependences have previously been reported [72], 

and accounted for by allowing the model to consider thermal and an optically induced 
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detrapping. In this way, the total detrapping rate can be written as Pt=Pt + srh . In C2, 

estimated values of fij = 2.1± 0.1 s"' and st= 2.9 ± 0.1 cm^/J were obtained from the 

simulations. Even though the physical implications of these irradiance dependent 

parameters are not entirely clear, it is very likely that the development of a better 

characterization of the aggregation process will lead to a clear understanding of its 

implications. For instance, if some photochemical process affects the formation of 

aggregates, the irradiance dependent changes observed in the trapping density would be 

clarified. Nevertheless, the model seems to describe the principal features of the temporal 

evolution of the photogenerated current density, and as shown in Figure 5-13, it produced 

a reasonable agreement with respect to the experimentally determined accumulation of 

Cgo anions. 
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Figure 5-13 Exposure dependence of the Qo" concentration (O) in a composite with 
30 wt. % DBDC biased at 57 V/^m while exposed to 640 mW/cm^. Also shown is the 
simulated concentration of €50 sensitizer anions (solid lines), the concentration of filled 
shallow (dashed line) and deep traps (dotted line). 
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Table 2. Parameters used in the simulation of the Ceo anion build-up for an irradiance of 
640 mW/cm^ at an electric field of 57 V/fim 

jJ,Q 
(cm^A's) 

S(jlg 
(1/s) 

5 
(iW) (cmVs) 

Shallow traps 
hT PT ST 
(1/s) (1/s) (cm^/J) 

Deep traps 
YMM PU 
(1/s) (1/s) 

3.8 X 10'^ 0.003 5.5 X 10'® 5.82 X 10"" 330 2.1 2.9 2.1 0.0009 

The complete set of parameters used for the simulation depicted in Figure 5-13 is 

shown in Table 2. Although the simulations provided a fair description of the 

photogenerated current transients and the growth rate of sensitizer anions, the predicted 

accumulation of anions at steady-state was smaller than the experimentally determined 

Since the later dynamics of the anion growth is dominated by the growth of the filled 

deep-trap density rather than by the dynamics of the shallow traps, a larger deep trapping 

rate than the one shown in Table 2 would be required to obtain a correct description of 

the steady-state concentration of anions. However, numerical simulations show that no 

significant change with respect to the relative ratio between the shallow and deep 

trapping rates is to be expected. Even though the recombination and detrapping rates 

should be refined to provide a more accurate description for the accumulation of filled 

traps, since the immediate goal is to determine any connection of the trapping rates with 

respect to the concentration of chromophores, the general conclusions derived are not 

expected to be altered with further refinement of the simulation parameters. 

The photogenerated current density for composites containing different 

concentrations of DBDC, was measured in-situ while the Qo anion growth was 

monitored spectroscopical ly, see Figure 5-14. No apparent formation of Ceo anions was 

observed within the resolution limit (-1x10 cm" ) for any other sample except the one 
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containing 30 wt. % DBDC. On the other hand, the photogenerated current density 

showed an interesting trend. Since the dynamics of the current density on these time 

scales is dominated by the deep traps, the reduced degradation of the current density with 

decreasing concentration of DBDC molecules suggests a clear reduction of the density of 

deep traps. If the photocurrent transients are crudely simulated with no variation on the 

parameters except for the deep-trapping rate and the mobility, a reasonable agreement 

with respect to the transient current densities is obtained. This picture is consistent with 

the argument that chromophore aggregation would lead to the creation of hole-trapping 

sites in the material, however it should be considered that as the concentration of 

chromophore is varied, so are the mobility, the recombination as well as the trapping and 

detrapping rates. 

1000 

S 
^ 100 

t <u 
Q 
"S <u 

o 
0.1 

r— r . 
r M(B.l wt%) = Os' 

•jpiAAMAi 
wt %> = ®s"' 

r^M(IOwt %)=8»' 

' w w w y w v  

r^M(3»wt %) = 15s 

0 1000 2000 3000 4000 5000 
Time (s) 

Figure 5-14 Temporal dependence of the photogenerated current density in 
composites containing 0.1 wt. % (•), 1 wt. % (A), 10 wt. % (V) and 30 wt. % (O) of 
DBDC. The solid lines are numerical simulations as described in the text. The dotted line 
is the predicted temporal dependence with a deep trapping rate 2.1 s"'. 
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Even though the simulations could further be refined, the key messages derived 

from them are that: (i) chromophore aggregation is the main limitation to the stability of 

PATPD-based composites; and (ii) the formation of such aggregates leading to its 

possible contribution as hole-traps leads to, in principle, undesired irradiance dependence 

trapping and detrapping rates. 

5.3 Efficient hybrid photorefractive polymer composites 

This work demonstrates efficient and fast hybrid photorefractive polymer 

sensitized with cadmium selenide (CdSe) quantum dots. The surface of the quantum dots 

was treated with 4-methyIbenzenethio 1, a surfactant that enables efficient photoinduced 

charge generation and allows achieving unprecedented photorefractive performance for 

this class of hybrid materials [156]. 

5.3.1 CdSe nanoparticies 

The nanoparticies were synthesized by Dr. Duck Jung Suh using the reverse 

micelle method [135]. The size of the nanoparticies could be controlled by changing the 

surfactant to water ratio W, as well as the reaction time. This allows the absorption edge 

to be tuned from 650 nm to 500 nm by decreasing their average size, see Figure 5-15. In 

comparison, the absorption edge of bulk CdSe is 712 nm. The surface of the CdSe 

nanoparticies was treated with 4-methyIbenzenethiol. This surface treatment provides 

good chemical stability and simultaneously ensures good solubility in the common 

solvents used to mix the different components necessary to produce a photorefractive 
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polymer. To synthesize the CdSe nanoparticles, a surfactant to water ratio of W = 11.1 

was used to provide sensitivity at 633 nm. 

Figure 5-15. : UV-Visible spectrum of CdSe nanoparticles with different size, 
dissolved in pyridine. Reaction times were 18 hrs, 42 hrs, 42 hrs, and 64 hrs for W = 6.6, 
8.8, 10, and 11.1, respectively. Inset shows the chemical structure of the surfactant agent 
4-methyl benzenethiol. 

5.3.2 Sample description 

The performance of the CdSe nanoparticles as sensitizers was investigated by 

incorporating them into a polymer composite, referred to as QD, with the following 

composition: PVK/7-DCST/DBDC/BBP/CdSe (49/25/15/10/1 wt. %). For reference, a 

composite referred to as R, without extrinsic sensitizer, and composition: 

PVK/7DCST/DBDC/BBP (50/25/15/10 wt. %) was also prepared. Composites QD and R 

were sandwiched between two ITO coated glass slides leading to samples of t>'pe QD and 

R, respectively. Differential scanning calorimetry experiments conducted on composites 

W= [H^O]/[Surfactant] 

400 500 600 700 800 

Wavelength (nm) 
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QD and R yielded a broad range of glass temperatures between 20 and 40 °C. The ability 

of the chromophores to reorient in the composite was further confirmed using a transient 

ellipsometry technique [32]. Samples of a composite referred as PM, with composition 

PVK/BBP/CdSe (70/29/1 wt. %), were prepared to provide a comparison with the 

photoconductive properties of samples QD and to isolate the contribution of the 

nanoparticles to the photogeneration of carriers from the possible influence of the 

chroniophore. 

5.3.3 Linear optical properties 

c 
o 675 niH 

550 600 650 700 750 
Wavelength (nm) 

Figure 5-16. Visible spectrum of thin films of samples QD (A), R(0) and PM(0). 
The inset shows the charge transfer absorption band. 

At 633 nm the absorption coefficient of 105 jim-thick QD, R and PM samples 

was 143 cm"', 6 cm"' and 63 cm"' respectively. Surprisingly, the absorption of QD was 
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different from that expected from the linear superposition of the absorption of R and PM 

samples, suggesting the possible formation of a charge transfer (CT) state between the 

nanoparticles and the chromophores, since no evident CT states were observed with the 

matrix itself As shown in Figure 5-16, the formation of a new absorption band was 

confirmed in thin films. When the absorption spectrum of QD is subtracted from the 

addition of the individual absorptions of R and PM, a clear and broad CT absorption band 

centered at 675 nm is obtained. As will be described, this CT band led to a significant 

increase of the photoconductivity <jph. 

5.3.4 Photoconductive properties 

10 20 30 40 50 60 70 80 
Electric Field (V/fiin) 

Figure 5-17. Field dependence of the photosensitivity in samples QD (A), R (•) and 
PM (O). 



To evaluate the influence of the CT band, photoconductivity measurements were 

conducted at 633 nm, and the photosensitivity, defined S = /1, calculated for all 

samples. As shown in Figure 5-17, the presence of the CT brand greatly enhanced the 

photosensitive response in samples QD as compared with the response obtained in 

samples PM. This confirms that in the presence of the chromophores the photogeneration 

of carriers from the nanoparticles is significantly enhanced. The photosensitive response 

in samples R, around 1 pS cm/W, shows that chromophore absorption can lead to the 

photogeneration of carriers, therefore to the formation of photorefractive gratings. Dark 

conductivities in samples QD and R, were around 0.1 pS/cm. In samples PM, the dark 

conductivity was significantly higher, around 1 pS/cm, as would be expected from an 

improved mobility due to the absence of highly polar molecules in the composite. 

5.3.5 Photorefractive properties 

The photorefractive properties were characterized by four-wave mixing and two-

beam coupling experiments using the standard geometry. Transient four-wave mixing 

experiments were carried out to evaluate the effect of the improved photosensitivity in 

samples QD. The diffracted power transients were fitted using Kogelnik's thick-grating 

equation, where the time-dependent index modulation was approximated by An(t)ac J- m 

exp [-t /tj]- (l~m) exp [-t /tj. As shown in Figure 5-18(a), the dominant time constants 

(r/) in samples QD were consistently smaller by more than an order of magnitude with 

respect to the ones obtained in samples R. Typical weight factors, m, were around 0.7 and 

0.6 for samples QD and R respectively. 
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Electric Field (V/nm) Time (s) 

(a) (b) 

Figure 5-18 (a) Field dependence of the temporal evolution of the dominant time 
constant in samples QD (A) and R(0). (b) Temporal evolution of the diffraction 
efficiency in samples QD (A) and R (O) at 66.7 V/mm, and temporal evolution of the 
birefringent response in samples Q(+) and R (X) at 57 V/mm. Solid lines are fits to a 
sine squared biexponential temporal evolution. 

For instance, at 67 V/^m, tj in sample QD was 87 ms with m = 0.69 whereas in 

sample R, r/ was 2.7 sec with m = 0.56. As shown in Figure 5-18(b), the dynamics of the 

chromophore reorientation was the same in both samples and faster than the grating 

build-up times. Although r/ can not be directly correlated to the space-charge field rise-

time since the dispersive nature of chromophore reorientation can affect the dynamics of 

formation of the space-charge field [166], for our samples, provided a nearly identical 

orientational dynamics, it is reasonable to ascribe differences in the values of ti to a 

difference in the rate of formation of the space-charge field (r«.''). Since TsJ' is 

proportional to the rate of absorption per unit length (oT), differences in absorption can be 

compensated by the proper normalization of the initial build-up rate by al. For times t 

<Ti «T2, the first order approximation of An (t) yields an initial build-up rate 
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proportional to m/ri. At 67 V/fim the value of the normalized build-up rate is 0.055 

cm7J in samples QD and 0.035 cm /J in R. Therefore, differences in the formation rates 

must be attributed to the contribution of the nanoparticles to the photogeneration of 

carriers. Even though a direct comparison of the impact of the different surfactants used 

in the literature is difficult due to the lack of photoconductive data and to the variety of 

experimental geometries used, the response times in samples QD are more than an order 

of magnitude faster than those previously reported in hybrid PR polymers [25,93,138] 

and the value of the normalized build-up rate represents at least a three-fold improvement 

over the most efficient composite sensitized with CdSe nanoparticles [138]. 

The steady-state PR properties of samples QD and R are shown in Figure 5-19. In 

both types of samples overmodulation of the diffraction efficiency was observed at 

around 60 V/fxm, see Figure 5-19(a). The maximum external diffraction efficiency in 

samples QD, around 20 %, was limited by absorption and scattering. 
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Figure 5-19 (a) Field dependent normalized diffraction efficiency measured in 

samples QD (A) and R (O). (b) Field dependent two-beam coupling gain coefficient 
measured in samples QD (A) and R (O). 
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Due to the photosensitive response in samples R, similar diffraction efficiencies to 

samples QD can be expected at steady-state since both samples have the same 

chromophore content (providing that the same space-charge field value can be reached in 

both samples). As show in Figure 5-19(b), the gain coefficients at low electric fields are 

also similar in both types of samples and start to differ for fields above 50 V/fim where 

the contribution of the quantum dots to the photogeneration and redistribution of carriers 

start to be significant. 

5.3.6 Photo-darkening and continuous operation 
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Figure 5-20. (a) Exposure dependence of the dominant time constant in samples QD 
and the inset shows the exposure dependence of the normalized photoconductivity, (b) 
Normalized field dependent diffraction efficiency in unexposed (A) and exposed (•) 
QD samples. 

All the characterization presented in the last sections was done in materials with 

minimiiim exposure history because photo-darkening was observed in samples QD as a 

consequence of continuous exposure to optical and electrical fields. To asses the impact 

of photo-darkening in the photorefractive properties, transient four-wave mixing 
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experiments were used to sample the grating build up dynamics while samples QD were 

exposed with 1 W/cm^ while biased at 57 V/|im. The transient experiments were 

performed at 47 V/fxm. Figure 5-20(a) shows a very significant degradation of the 

response time on QD samples as a function of exposure, such degradation does not seems 

to correlate entirely to the degradation of the photoconductive response of the material 

shown in the inset of Figure 5-20(a). This relatively small degradation may be explained 

considering that in this material, 7-DCST and DBDC can act as hole-traps. However, in 

contrast with samples R3 presented at the beginning of this chapter, the diffraction 

efficiency after exposure didn't change as much as would have been expected from the 

strong deterioration of the material's response (see Figure 5-20{b)). Therefore, it is 

reasonable to think that photo-darkening is the principal origin of the strong degradation 

of the response time. It should be noted that photo-darkening also leads to the formation 

of quasi-permanent absorption gratings. This kind of gratings has also been reported in 

other photorefractive composites sensitized with CdSe nanoparticles [138]. 

To characterize the photo-darkening process, in-situ spectroscopic measurements 

were done as a function of exposure in samples PM and QD biased at 57 V/p-m. A clear 

variation on the absorption as a function of exposure was observed. For clarity, the 

variations in optical density were quantified by defining a differential optical density 

given by AO.D = O.D.unexposed-O.D.exposed- As shown in Figure 5-21, in 37 fam-thick PM 

samples continuous exposure led to a decrease of the absorption at the edge of the 

nanoparticle band. This kind of differential spectrum as been observed in glasses doped 

with CdSe nanoparticles [167], were darkening has been interpreted as being due to the 
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ionization of the nanoparticles and the subsequent trapping of the carriers in its vicinity. 

The static field created by the trapped carriers can then induce a quantum confined Staric 

shift of the levels at the edge of the absorption band [167], When the same experiment is 

performed in 105 jim-thick QD samples the same kind of oscillations near the edge of the 

absorption band is observed, see Figure 5-22. In contrast with samples PM, a more 

pronounced red-shifted band covering all the monitored spectral range was observed. For 

samples QD, after the samples were exposed to the desired level the absorption was also 

monitored in the dark while the sample remained biased. The photo-darkening process 

seems to be reversible up to a certain level; however, in the photorefractive samples the 

darken spots remained even after a year period at room temperature, which at least 

suggest that those states posses very long life times. 

Figure 5-21 In-situ exposure dependence of the absorption spectra in samples PM, the 
thicker solid line corresponds to the absorption in an unexposed sample, the rest of the 
lines are labeled as in the inset. The inset shows the difference of the absorption spectra 
at different exposures with respect to the unexposed measurement. 
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Figure 5-22 In-situ exposure dependence of the absorption spectra in samples QD, the 
thicker solid line corresponds to the absorption in an unexposed sample, the rest of the 
lines are labeled as in the inset. The inset shows the difference of the absorption spectra 
at different exposures with respect to the unexposed measurement. 

Even though the ionization mechanism suggested in the literature in the context of 

glasses may not be applied directly as previously described, it is reasonable to think that 

upon the photogeneration of a hole, the electron injected into the nanoparticle-surtactant 

system may find a deep trapping state within the surface of the nanoparticle or that strong 

static fields may arise in the presence of a chromophore cation. In contrast to Cm 

sensitized materials, where recombination can easily occur between a hole and an ionized 

sensitizer molecule, it is likely that in nanoparticle sensitized materials the recombination 

process may be hindered by the presence of the surfactant molecule and the possible deep 

trapping state that may arise from a poor passivation of the nanoparticle surface. A small 

recombination rate also seems to be suggested by the relatively small degradation of the 

photogenerated current as compared with similar Cgo-sensitized materials. To first 
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approximation, it is reasonable to think that the densities of traps for the photoconductive 

manifold will not be affected by small concentrations in which the sensitizers are doped 

into the composites. Therefore, the trapping and detrapping rates should not change with 

a changc of sensitizers. However, the recombination process strongly depends on the 

Coulomb interaction between the ionized nanoparticle and a hole in the transport 

manifold, Langevin recombination. The large dielectric constants typical of 

semiconductor materials, the presence of the surfactant molecule and the possible deep 

trapping sites lying in the semiconductor surface, may significantly screen the Coulomb 

attraction and severely may reduce the probability of recombination in this kind of 

materials. This hj^wthesis can be tested if the photocurrent is simulated using typical 

parameters for PVK [77] except for the recombination rate. As shown in Figure 5-23, a 

very small recombination rate was required to adjust the photocurrent in samples QD as 

compared with the recombination rates found in PVK-based materials, typically larger 

than 40 000 s"'. 
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Figure 5-23. Normalized inverse photocurrent in sample QD (A) and simulations. 
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CHAPTER 6 CONCLUSIONS AND OUTLOOK 

The field of organic photorefractives has been a fertile ground for the study of a 

diversity of physical phenomena. The intricate nature of such material systems requires a 

large variety of experimental and theoretical tools to produce a comprehensive 

description of the material properties. Even though tremendous progress has been made 

in identifying material-property relations and in understanding the interconnected 

physical and chemical phenomena that rule such relations, a number of challenges remain 

to achieve the required control that would allow tailor their properties for particular 

applications in which photorefractives are considered. In this context, the materials and 

techniques developed during the course of this research show a continuous advancement 

in the understanding of the physical properties and limitations to the existing materials 

designs. 

A central concern on this dissertation was to understand the limitations to the 

operational stability of the photorefractive properties of polymer composites. This has 

been an area that until recent years was greatly overlooked in the literature. The studies 

on the stability of a family of composites containing a low-ionization potential polymer 

matrix PATPD with higher mobility than the commonly used PVK, revealed a path for 

achieving stable performance without compromising the photorefractive properties of the 

composites. The materials developed combine a remarkable stability of their 

photorefractive properties with video-rate compatible response times and a steady-state 

performance that is close to the state-of-the-art for photorefractive polymer composites. 

The results of this work were published in Applied Physics Letters [153]. 
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However, problems were found in assuring proper compatibility of the new 

chromophore DBDC, with PATPD. Such incompatibility leads to the formation of 

chromophore aggregate when concentrations above 10 wt % are used. Although the 

structural nature of the aggregates is uncertain, a clear correlation was established 

between the concentration of chromophores and the density of hole-trapping sites in the 

photoconductive system. Such hole-trapping sites reduce the photoconductive response as 

they start to fill out and consequently reduce the stability of the material properties. The 

possible association of chromophore molecules leading to the formation of aggregates 

such as dimers or trimers is an important factor that must be considered in the material 

design and characterization since it can hinder the advantages achieved through the 

optimization of the ligure-of-merit. The red shifted absorption observed for 

chromophores such as DBDC and similar derivatives, makes them ideal to produce 

materials that are sensitive in the infrared, where the evaluation wavelength may lie far 

from any chromophore resonance. On the other hand, assuring proper compatibility of the 

chromophores with the matrix usually requires increasing the polarity of the 

photoconductive matrix itself. However, increasing the polarity of the matrix may also 

lead to a stronger sensitivity to the dipolar disorder introduced by the chromophores and 

to the subsequent reduction of the charge mobility of the material. Such reduced charge 

mobilities seems to be the limiting factor to achieve faster space-charge field build-up 

times, and consequently to the photorefractive response times. Therefore, while pristine 

polymers with large charge mobilities may be seen as good candidates to improve the 

dynamic response, the paths for achieving large charge mobilities in photorefractive 
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composites, containing highly polar moieties and large trap densities, is still an open 

question for the molecular design. 

On the other hand, the use of time-resolved photoconductivity experiments as a 

way to extract valuable microscopic information is expected to become a standard tool 

for the basic photorefractive characterization because of its potential to produce a 

comprehensive picture of the formation of the space-charge field. With the ever growing 

computing power the implementation of numerical simulations should become a standard 

complement to the experimental characterization. The potential knowledge to be acquired 

through a combination of these experiments and simulations is expected to open new 

doors for chemical optimization and material design. The unique combination of 

properties achieved with PATPD-based composites opens the door to consider 

applications where video-rate compatible optical processing and operational stability are 

required for prolonged periods of time. 

In the last part of this dissertation, hybrid photorefractive polymers were 

optimized to achieve unprecedented performance, and demonstrated that high 

photorefractive nonlinearities are possible provided the photosensitive response of the 

hybrid photoconductive host is improved. The formation of a charge transfer complex 

between the CdSe nanoparticles and the chromophores used in the composite, a mixture 

of DBDC and 7-DCST, opened the door for the enhanced photosensitivity observed and 

is responsible for the improved properties of the hybrid photorefractive composite 

presented in this dissertation, and published in Applied Physics Letters [156]. Although 

the photorefractive properties of this hybrid composite approached those of similar 
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materials sensitized by organic molecules, a stronger degradation of the dynamic 

response was observed than in Qo sensitized materials. The degrading response was 

correlated with photo-darkening resulting upon prolonged exposure. It seems reasonable 

to ascribe the origin of this photo-darkening to the formation of deep trapping states in 

the vicinity of the nanoparticles, leading to its quasi-permanent ionization upon injection 

of a hole into PVK. The surfactant molecule may be responsible for such quasi-

permanent ionization by preventing the recombination of holes with the ionized 

nanoparticles. This process would yield a small recombination rate and consequently lead 

to a large accumulation of filled traps and to the degradation of the dynamic response of 

the material. The role of the surfactant in the photogeneration process needs to be 

carefully studied and further chemical optimization pursued if the Ml potential of hybrid 

photorefractive composites is to be exploited. 

As the development of new experimental techniques and analytical tools are 

progressing towards the clarification of the individual physical processes involved in the 

photorefractive effect, some of the results obtained through these studies should help to 

improve the strategies for material optimization and lead to a refinement of the 

experimental techniques and protocols used to characterize photorefractive polymer 

composites. 
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ABBREVIATIONS 

HOMO Highest occupied molecular orbital 

LUMO Lowest unoccupied molecular orbital 

ITO indium-tin oxide 

COANP 2-cyclooctylamino-5-nitropyridine 

TCNQ 7,7,8,8-tetracyanoquinodimethane 

PCBM [6-6 j-phenyl-C61 -butyric acid methyl ester 

TNF 2,4,7-trinitro-9-fluorenone 

TNFM (2,4,7-trinitro-9-fluorenylidene)malononitrile 

PMMA poly(methyl-methacrylate) 

PS polystyrene 

PC polycarbonate 

PVK poly(iV-vinylcarbazole) 

ECZ iV-ethylcarbazole 

DEH diethylaminobenzaldehyde-diphenylhydrazone 

PSX poly[methyl(3-carbazol-9-ylpropyl)siloxane] 

PBPES poly(4-«-butoxyphenylethysilane) 

PTCB poly(methyl methacrylate-co-tricyclodecylmethacrylate -

co-iV-cycIohexylmaleimideco-benzyl methacrylate) 

DBOP-PPV poly[ 1,4-phenylene-1,2-di(4-benzyloxyphenyl)vinylcne] 

p-PMEH-PPV poiy [o(/7)-phenylenevinylene-a//-2-methoxy-5-(2-

etliylhexyloxy)-/7-phenylenevinylene] 

TFB poly[9,9' -dioctyifluorene-co-A^-(4-butylphenyl)-

diphenylamine] 

BBP butyl benzyl phthalate 

DOP diisooctylphtalate 

DPP diphenyl phthalate 

DIP diphenylisophthalate 

EHMPA iV-(2-ethylhexyI)-iV-(3-methylphenyl)-aniline 
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DMNPAA 

BDMNPAB 

DMHNAB 

AODCST 

ATOP 

7-DCST 

AODCST 

DHADC-MPN 

FTCN 

DB-IP-DC 

DEANST 

FDENST 

BisA-NPDA 

DCDHF-6 

DCDHF-8 

TH-DCDHF-6V 

DBDC 

NNP 

TCP 

2,5-dimethyl-(4-/7-nitrophenylazo)cmisole 

1 -«-butoxy-2,5- dimethyI-(4-/7-nitrophenyIazo)benzene 

2,5-dimethyl-4-(2-hy(lroxyethoxy)-4'-nitroa7,obenzene 

2- [4-bis(2-methoxyethyl)amino]benzylidene] -

malononitrile] 

1-alkyl-5-[2-(5-dialkylaininothienyI)methylene]-4-alkyl-

[2,6-dioxo-1,2,5,6-tetrahydropyTidine]-3-carbonitrile 

homopiperideno-benzylidene-malononitrile 

alkoxy-benzylidene-malononitrile 

2,//,iV-dihexylammo-7-dicyanomethylidenyl-3,4,5,6,10-

pentahydronaphthalene 

fluorinated cyano-tolane chromophore 

2- { 3 - [(£)-2-(dibutyl-amino)ethen-1 -yl] - 5,5 -

dimethylcycIohex-2-enyIidene}-malononitrile 

4-iVJV-diethylamino-^nitrostyrene 

3-fluoro-4-(jV,A'-diethyIamino)-/?-nitrostyrene 

bisphenol yi-diglycidyl ether 4-nitro-l,2-

phenylenediamine 

2-dicyanomethylen-3-cyano-5,5-dimethyl-4-

(4'-dihexylaminophenyl)-2,5-dihydroforan 

2-dicyanomethylen-3-cyano-5,5-dimethyl-4-

(4'-dioctylaminophenyl)-2,5-dihydroftira!i 

l-(3-cyano-2-dicyanomethyIen-5.5-dimethyl-2,5-

dihydrofuran-4-yl)-2-[5-(A^,/v'-dihcxyl)animolhien-2-

yljethane 

3-(A',A'-di-«-butylaniIine-4-yl)-1 -dicyanomethylidene-2-

cyclohexene 

4-nitrophenyl-L-prolinol 

tricresylphosphate 
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EHDNPB 1 "(2' -ethylhexyloxy)-2,5-dimethy!-4-(4' 'nitrophenylazo) 

benzene 

TOPO tri-n-octyiphosphine oxide 
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