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ABSTRACT 

This dissertatioii describes advances in the photorefiractive dynamic response, and 

in the understanding of response limitations. In a PVK/ECZ based composite using a 

tolane chromophore and TNFDM sensitization, a photorefractive response time constant 

of 4 ms was observed at an applied field (£a) of 95 V/^m with a writing fluence of 0.5 

W/cm^, while the birefringence response time was under a millisecond. This showed that 

the chromophore orientational response does not limit speed, and suggests fiirther 

investigation of photogeneration and transport processes to improve dynamic response. 

Another segment of research investigated performance changes by exposure 

under working conditions. Photorefractive properties for composites using chromophores 

of varied ionization potential (Jp) were characterized as a function of exposure at Ea = 80 

V/um, up to 10^ J/cm^ total optical field exposure. The response time and 

photoconductivity were found to fatigue for all samples, but a higher chromophore Ip was 

correlated to greater stability. The four-wave mixing dependence upon Ea showed a 

variation in trap density with exposure which verifies the role of the Qo anion, the 

ionized sensitizer, as a photorefractive trap. 

The third segment of research was the proof-of-principle of a photorefractive 

injection molding process. Photorefractive properties of molded materials were verified 

by four-wave mixing and two-beam coupling measurements. At Ea = 95 V/jim, a 

diffraction efficiency of 25-30% and a gain coefficient near 50 cm ' was observed. This 

shows industrial processing potential of these materials and provides a path from hand 

crafted devices to mass-production techniques, promoting commercial acceptance. 
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CHAPTER 1 INTRODUCTION 

This dissertation explores the background, characterization, and development of 

organic polymer-based photorefractive materials. Specific contributions in improving the 

speed, working life, and commercial processing options will be described. A background 

will be developed in the necessary analysis tools, the historical development, and the 

experimental techniques used to advance the field, followed by experimental results 

which comprise the present worio 

1.1 Commercial plastics: polymers and composites 

The development of the commercial plastics industry is a story of explosive 

growth and innovation. In the 1967 film 'The Graduate", the title character was tokl 

"there's a great future in plastics." The time since then has borne out that advice. In the 

1980s, the volumetric annual consumption of plastics overtook that of steel; by the early 

1990s the world's plastics consumption by mass outstripped that of steel [1]. Naturally, 

most of the world usage of plastics is in structural applications, blow-molded food 

wrapping film, housewares, and so on, but plastics are also a critical component of the 

microelectronic revolution [2,3]. Though a relatively small portion of bulk consumption, 

plastics in electronic and optical applications have great economic importance. 

When we speak of plastics in high-technology applications such as these, we 

often used the temi "polymers." Polymers are generally organic materials in which a 

chemical structure is repeated to form long chains. In conunercial use, polymers are 

largely thermoplastk:s, meaning they may be thermally formed. A central reason for the 
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rapid development of plastics is the versatility of thermoplastics. They may be extruded, 

injection molded, compression molded, cast, spun, or drawn, just to mention a few 

possibilities. Composite materials may be constructed blending different polymers or by 

adding other substances to change the melting behavior, fnu:ture toughness, tensile 

strength, electronic properties, or optical parameters, for example. One may ask how this 

relates to the field of photorefractive materials, which is the focus of this work. The 

essence is simple. Polymers provide a very adaptable vehicle for the design of materials 

with specific properties. In the present case, photorefractive materials require the 

coexistence of several critical properties in a material, and polymer-based materials have 

the required flexibility to do this. In this dissertation, the understanding and design of 

photorefractive polymer-based materials is advanced in several ways. Before describing 

the specific activities, we will first look briefly at photorefractive materials in general 

1.2 Photorefractive materials 

The advent of photorefractive materials began as a discovery in 1966 of optically-

induced refractive index inhomogeneities in lithium niobate ferroelectric crystals [4]. 

Though initially the effect was an annoyance, since it rendered carefully prepared and 

expensive crystals damaged in their design application, it was soon seen as an exploitable 

trait. The phenomenon was subsequently observed and studied in many inorganic 

crystalline materials [S], including semiconductors. Briefly, the effect occurs by the 

photogeneration of mobile charge in a system, the redistribution of the charge to form a 

space-charge field, and the subsequent variation of the refractive index of the material 

due to electro-optic effects produced by the space-charge field. The light distribution is 
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often a sinusoidally varying one produced by two-beam interference. In the early 

observations, the redistribution of charge occurred by diffusion, but also may be effected 

by drift in an imposed electric field. The index modulation requires some form of optical 

anisotropy, and may occur through the Pockels effect, Kerr cffect, or other mechanisms 

acting through the spatially varied electric field in the materiaL Since the space-charge 

field has a derivative relationship to the charge distribution itself, the index variation is in 

general out-of-phase with the optical light distribution which induced it. This led to the 

observation that coherent beams may transfer energy when interfering in photorefractive 

materials [6], a hallmark of photorefiractivity. There are many ways of inducing a 

refractive index modulation in materials in-phase with the writing light pattern, but only 

photorefractivity exhibits this characteristic phase shift. The details of the 

photorefractive process and the fundamental modeling used to describe it will be 

discussed in Chapter 2. Since the present work of this dissertation involves advances in 

organic polymer-based materials, let us examine to development of such materials, which 

are the basis for new work in the field. 

1.3 State-of-the-art 

The photorefractive effect was first reported in organic crystals in 1990 [7], and in 

amorphous organic polymers in 1991 [8]. These reports showed grating formation with 

very small diffraction efficiencies, but proved the principle of organic photorefi^tive 

materials. This prospect was (and continues to be) exciting because polymer systems are 

easier to process than inorganic crystals, lower in cost, more flexible in formulation, and 

capable of much broader tailoring of properties. The properties of photogeneration. 
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charge transport, and optical anisotropy, as well as mechanical and other properties, may 

be manipulated by mixing multiple components or by chemically modifying a single 

component. After the initial observations, there were a rapid series of improvements in 

diffraction efficiency, and gain coefficients for the exchange of energy between two 

beams were demonstrated and improved as well The speed of the grating formation 

process was initially on the order of minutes or longer. 

The most active area of development was in the so-called guest-host materials. 

These materials use a polymer host, usually a photoconductor, with additives such as 

plasticizers to reduce its glass transition temperature (F,), sensitizers to provide 

photogeneration in a specific part of the optical spectrum, and optically anisotropic 

species, often called chromophores, to allow refractive index modulation. 

When the experimental work of this dissertation began, diffraction efficiency near 

100% and gain coefHcients over 200 cm ' had been reported using applied electric fields 

less than 100 V/^m. The time required to form a photorefi^tive grating was on the order 

of 100 milliseconds or more. The high levels of performance had been found to result 

from periodic orientation of the optical chromophores due the periodic space-charge 

field. This class of materials is often referred to as low-glass-transition-temperature 

(low- Tg) materials or orientational photorefractives because the chromophores can orient 

freely in the material at room temperature. Having established good steady-state 

performance characteristics, efforts were made to reduce the applied electric field needed 

to reach a maximum in diffraction efficiency, resulting in a maximum efficiency of over 

70% at a field of 28 V/fim. Initial problems with phase separation of components in the 
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polymer composite had been attacked and improved to yield projected shelf-lives of 

years. The preparation of the materials remained largely a craft, subject to acquired skill 

and art. Commercial processing was an open question subject to investigation. For a 

more complete picture of the state-of-the-art and the historical background, an account is 

given of the materials development in Chapter 3. 

1.4 Motivation for research 

Communication capabilities approaching terabit line rates are propagating into 

use. Optk:al fiber transmission systems employing wavelength division multiplexing arc 

fast becoming a critk:al part of the global communication infrastructure. Unlike the end-

node scene, where traditional wire solutions continue to compete with optical 

technologies on a cost basis, the k)ng-haul and backbone strategies are shifting towards 

pure optical strategies. Systems still convert optical signals to electronic ones at many 

places in a typical network, but it is desirable to make the transition to all-optical 

technologies. This could require not just optical signal modulation, transmission, 

distribution, and regeneration, but perhaps buffering or logical operations as well. 

Polymers are attractive for devk:e development because they can be formed by a 

broad range of processes, can form thin, thick or large-area films, and can be doped or 

chemically altered to produce an array of capabilities. They offer the promise of large-

scale integration of optical and electronk: functions, as in electro-optic modulators or 

micro-opto-mechanical systems. 

A number of applications of photorefractive materials have been described or 

demonstrated. A few examples are image amplification [5,9], phase conjugation [S,10], 
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image processing [11,12], dynamic holography [13], optical storage [14], classical 

interferometry [IS], phase-shifting interferometry [16], imaging through scattering media 

[17,18], fiber optic mode conversion [19], laser wave-front correction [20], beam steering 

[21], and narrowband interference filtering [22,23]. Many of these were conceived with 

photorefractive crystals in mind, despite their limited size, great expense, and relatively 

small gain. As the unique qualities of polymeric materials are reflected in applications 

development, some new capabilities will certainly be exploited. As the technical 

challenges of materials design arc met, the creativity possible in device design will 

expand, and the effects could be likened to the growth of electronics made possible by the 

development of integrated circuits. Photorefractive materials provide another tool in the 

progress of integrated optkrs, as well as bulk devices. 

1.5 Present work 

The background in existing analysis models and materials which is provkled in 

Chapters 2 and 3 will be supplemented in Chapter 4 by descriptions of specific 

experimental techniques used to explore and extend the state-of-the-art Techniques for 

transient measurement of grating formation and optical birefringence responses were 

critical to this work, and new capabilities devekiped in conductivity measurement are 

sure to contribute to future understanding, modeling, and analysis. These and other 

techniques described therein form a suite of measurements which enable improved 

material designs and modeling. 

The results of several studies in organic photorefi^tives will be presented in 

Chapter 5. The first is a comparison of the transient response of the grating formation 
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process to that of orientational birefringence in a state-of-the-art fast material, illustrating 

that the physical orientation process docs not limit photorefractive response. The sccond 

is a study of transient response fatigue in a family of materials under typical use 

conditions of applied electric field and illumination. This study illustrates that fatigue of 

response-time correlates to a reduction in photoconductivity. Further, it shows that such 

effects may be stabilized by engineering of the relative molecular orbital energies of the 

optical chromophore which provides index modulation and the photoconductive host 

which provides charge transport The third study uses knowledge of material stability 

and of industrial processing technique to provide a proof-of-principle for injection 

molded photorefractive devices. It shows for the Hrst time that a photorefr^tive material 

may be injection molded while retaining its photorefractive properties. This opens the 

issue of conunercial applicability of polymer photorefractives from the processing 

perspective. It also may allow new device geometries with relatively complex shapes or 

thick structures, promoting innovative new device concepts. 
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CHAPTER 2 ANALYSIS OF PHOTOREFRACTIVE MATERIALS 

The phototefractive efTect combines light-induced generation of charge, 

photoconductive transport processes, and electro-optic effects to produce gratings which 

are written dynamically. The process is sensitive enough to be observed using low-power 

lasers, even inexpensive laser diodes. Most importantly perhaps, the gratings arc 

distinguishable from gratings written via any other phenomenon, in that they are not in 

phase with the light interference pattern which produced them. This non-local response is 

a hallmark of photorefractivity, and gives rise to the ability to transfer energy from one of 

the writing beams to another. An overview and details of this mechanism will be 

described in this chapter. 

2.1 Fundamental description of the photorefractive effect 

To understand the effect, let us assume that two beams, inclined by angles ±d 

relative to the z-axis, are interfering in a photorefractive material to produce a sinusoidal 

irradiance pattern along the laboratory X-axis as shown in Figure 2-1. The interference 

pattern has a period [24,25] given by 

where Xo is the vacuum wavelength of the interfering beams, n is the refractive index of 

the material, and 0 is the angle of inclination of the beams in the material. The 

irradiance of the interference pattern may be described by the expression [26] 

(2.2) 
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where Icf=Ii •¥ I2 \s the sum of the incident wave intensities, and the parameter m is the 

fringe visibility of the interference function [27], 

/. m = -Lŝ  = hUKe^ i : .  

where are the unit polarization vectors of the beams 1 and 2. 

beam 2 

(2.3) 

Sinusoidal 

beam 1 two-beam 

interference 

pattern 

Figure 2-1: The interference of two beams in a material 

The basic steps to produce a photorefi^tive grating are outlined in Figure 2-2. 

Material absorption leads to free-charge generation in the brighter regions. These charges 

move, by diffusion or drift, away from the bright regions. They also leave behind centers 

of opposite charge, which we will assume remain fixed. The effective charge density, p , 

is a signed sum of the charge densities of the two species (p^ -p.), and is connected to 

the resultant space-charge electric field, E ,c, by the Poisson equation (CGS units). 
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dE^ L 4;r . . 
— = PU) . (2.4) 

dx ^oc 

This is a one-dimensional form, so we have assumed variation along only one direction, 

along the normal to the grating planes. In the case of transport by diffusion, the mobile 

charges will move towards darker regions in either direction, while by drift in an applied 

electric field, they are biased selectively in one direction. The charges migrate towards 

darker regions until they arc trapped, due to the lower conductivity or other mechanisms. 

The result is the formation of a space-charge fiekl, E,c which is not in-phase with the 

original illumination. 

phase shift 

Figure 2-2: The fundamental steps of photorefractivity. 

This space-charge field, through electro-optic effects, leads to a variation of 

refractive index. It is possible for the index to be modulated via classical electro-optk: 

Applied electric field component 
+++ +++ 

Y\ / t(\ caniersdrtfl 
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effects such as the Pockels effect; alternately, dipolar chromophores in the material may 

be drawn to align with the spacc-charge field so that their polarizability anisotropy effects 

an index variation. This is the key effect in so-called low-7^ or orientational 

photorefractive materials. This index modulation is in-phase with the periodic space-

charge field formed by the charge grating, and is thus out-of-phase with the illumination 

which produced it. This non-local response is the signature of the photorefractive effect, 

and gives rise to capabilities beyond those of gratings written by other mechanisms. 

Perhaps the most remarkable resuh is the ability to transfer energy from one of the beams 

to the other. 

To see intuitively how this may occur, let us assume we are writing a grating in a 

conventional, permanent index-modulation material using the same geometry described 

above. The two writing beams are assumed to be polarized perpendicular to the plane of 

incidence. To make the situation as simple as possible, let us also assume that the 

material has very high contrast, so that our grating approaches a binary character with 

alternating half-periods of high-index and low-index zones. Assume that the index is 

increased as a result of exposure. The result will be high-index zones in the positions of 

interference maxima, and low-index zones aligned with the intensity minima. Now, 

assume we move the grating so produced in the direction of the grating vector to displace 

its phase by ic/2, i.e. spatially shifted by A/4. This places the intensity maxima, i.e. the 

positions where the two beams have equal phase, at the boundaries between the high-

index regions and the low-index regions as shown in Figure 2-3. 
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Refractive 
Index 
GraNng 
Shifted by Dettructlve 
A/4 interference 

Beam #1 

m phase 

n2>n1 

Beam #2 
Constructive 
intertorence 

Figure 2-3: Energy exchange between two beams using a shifted grating. 

If we consider what happens when each writing beam hits the interface between 

the regions, we must remember that light incident from the high-index region has no 

phase shift upon reflection, while light incident from the low-index region undergoes a 

phase shift of n upon reflection. This leads to constructive interference of the reflected 

and transmitted waves on one side of the boundary, and a corresponding destructive 

interference on the other side of the boundary. This is the energy transfer to which we 

have alluded before. Though this analysis is simple, it provides an intuitive picture of the 

origin of such energy transfer. A more detailed analysis may be done using coupled-

wave solutions, and this will be demonstrated later. 
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Now that we know the basic components of photorcfractivity, 

• charge photogeneration 

• charge transport 

• space-charge field formation 

• refractive index change by the space-charge field 

we are prepared to discuss the details of these processes. 

2.2 Photogeneration 

The process of generating free charges by absorption of light is the initial step in 

the photorefractive effect Absorption of light does not guarantee the production of free 

charge, however. Since a free charge must be liberated from some center which initially 

bound it, the binding energy must be overcome. If this does not occur, the optical 

excitation is, in effect, lost to the recombination event. Thus, photogeneration of free 

charge, henceforth simply photogeneration, involves two sub-processes. First, a photon 

is absorbed to produce an electron-hole pair, an exciton. This pair is partially dissociated, 

but is nonetheless still bound. The recombination of such a pair, often called geminate 

recombination, has been considered extensively, with a summary of results outlined 

below. 

Current understanding of geminate recombination has much of its basis in the 

work of Poole and of Frenkel [28] in the separation of charges by field-induced reduction 

of ionization energy. The most widely-used relationships are drawn from the description 

of the dissociation of ions-pairs in weak electrolytes due to Onsager [29,30]. These 

relations are derived from the Smoluchowshi equations, which assume that the mean free 
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path of the mobile charge is small relative to the Coulomb radius [28]. Onsager applied 

boundary conditions to produce a model of photogeneration via the two steps of 

excitation and dissociation described above. The excitation process is described by a 

primary quantum yield, ^ and the escape probability, Q, of the excited charge by 

air,e,E) = e-\"'^ „ (2.5) 
-.=0 ml (m + n)! 

where in CGS units the parameters are defined 

M=—4— (2.6) 
BockTr 

B = ̂  eEr ^ (1 + COS0) (2.7) 
2kT , 

where e is the elementary charge, E is the applied electric field, ^ static 

dielectric constant, A: is the Boltzmann constant, F is the temperature and 0 is the polar 

angle [28]. Forming the product 0o ^ assuming an distribution of thermalized pairs 

described by an isotropic delta function, and integrating over space, the integration may 

be completed [31] to give a usable result for the photogeneration efficiency, 0(£. ro). 

f 
1-(2C)"'S^(*^K(2^) 

t=o 
(2.8) 

where At (x) is defined by the recursion relation 

Mx) = (2.9) 
kl 

and 

^(x) = 1 - e-' (2.10) 
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The parameters are defined in CGS units by 

eErp 
2kT 

K s ̂  / 
2 

t (2.11) 

The radius characterizes the thermalization distance of the electron-hole pair, and is 

a characteristic distance which may be called the Onsager distance [31,32]. 

This allows us to model the field dependence of the photogeneration efficiency. 

The infinite sum converges reasonably in ten to twenty terms. Curves are displayed in 

Figure 2-4 for various values of the thermalization radius. In general, a value of the latter 

is chosen to best fit experimental data. The values which fit experimental data are larger 

than we expect from the physical dimensions of typical sensitizer molecules. However, 

the relations are useful since they can provide good fits with proper parametric 

relationships. It should be noted that in the range of 10 to 30 A thermalization radii, the 

variation in photogeneration is remarkable, orders of magnitude, as we move from 10 

through 100 V/fim. This is a typical scenario for many organic photorefractive materials 

and experiments. 



33 

1 

0.1 

0.01 

^ 1E-3 

1E-4 

1E-5 

1E-6 
1 10 100 

Electric field [V/^m] 

Figure 2-4: The Onsager curves for electric-field dependence of photogeneration 
efficiency over a range of thermalization radii. 

2.3 Transport 

Once free carriers are generated, they must move from the brighter to the darker 

zones to form a space-charge field. Charge transport in polymers may follow a number 

of mechanisms. One example is ionic conduction, in which the transport occurs by the 

movement of ions such as hydronium ions. Another example is redox transport; this 

involves electrochemically active sites bound to a nonconducting backbone [33]. The 

mechanism important in organic photorefi^tive composite materials is electronic 

conduction. Whereas in crystalline materials, charges may move via the delocalized band 

modes, transport in amorphous materials requires a different mechanism and description. 

The lack of order leads to a distribution of the energy levels of individual molecules into 

20 
30 
50 
100 
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a continuum of localized states. In a sense, every transport event must be considered a 

discrete event, because it is indeed a localized interaction between a charge and a 

temporary binding or trapping site. Since this process consists of a series of trapping and 

de-trapping events, the Poole-Frenkel form of electric Held dependency [34] applied 

earlier to photogeneration processes has also been applied here for common organic hole 

transport systems [35]. This empirical form for the field and temperature dependence of 

the mobility /i was applied to the description of organic charge-transfer systems [36] 

using 

/i=/ioexp 
kZ jj 

(2.12) 

where 

1 1 

t tr 0 . 

(2.13) 

Here //q is a specific film parameter, a constant coefficient for a particular transport 

system, £„ a zero-field activation energy, and f the applied electric field. The 

temperature 7^ is a temperature at which all field curves intersect. Characterization of 

the trap-f^ drift mobility resulted in estimates several orders of magnitude above the 

overall drift mobility in certain organic systems, emphasizing the importance of trapping 

processes in transport [37]. This relationship remains an important empirical fit for 

experimental data whose robustness has been subsequently explored and explained [38]. 

Since this result was presented, theoretical treatments based upon the discrete, localized 

transport phenomena have been developed. 
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This intermolecular mode of transport is icnown as hopping, and was described in 

seminal work by Scher and MontroU [39] using a time-domain random walk model for 

the movement of charge among sites with regular spacing. It resulted from observations 

of transient photocuncnt in materials for xerography that the mobility of carriers 

depended on the thickness of the samples, and thus was not strictly an intrinsic material 

property. The transit times of carriers in amorphous materials are dispersive, and the 

model attacked this phenomenon using a distribution of hopping times. The result was 

able to fit a range of available data, and has formed a basis for succeeding work. 

Enhancements to this model include a multiple trapping model which assumes a 

distribution of trapping energies [40]. More recently, the most important advance 

considers distributions of the hopping site energies [41] and additionally of the hopping 

site positions [42-44], and is known as the disorder formalism. 

The disorder formalism issues from the development of several key assumptions. 

These are 

• distribution of both site energies and intersite distances is Gaussian 

• hopping rates may be described by the Miller-Abrahams form 

• polaronic (charge-phonon coupling) effects are negligible 

• the phase is lost in each hop. 

The second assumption is very important. The Miller-Abrahams form was developed to 

describe certain hopping phenomena in semiconductors [45]. The rate of hopping 

between states i ,j  with site energies and site positions Ri,Rj is given by the 

relation 
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v,i=v,exp(-2y(«j-«,|)xJ"'' 

1 
\ 

r £> -g. \ 
kT } 

. fy<£, 

(2.14) 

where Vq is a frequency prefactor, and / is an inverse wavefiinction decay constant [43]. 

The first exponential describes the wavefiinction overlap between the two sites, and the 

next (variable) part describes the hopping probability. The important point is that this 

form describes a rate asymmetry, a dichotomy between transfer upward in site energy 

versus transfer downward in site energy. It does, however, ignore energy dissipation in 

downward transfers, which is not strictly reconciled with the neglected phonon-charge 

interactions. Given the assumption of Gaussian distributions for the energetic and 

positional disorder with standard deviations a and £, respectively, the mobility is given 

The asymmetry in the hopping behavior is reflected in the form of mobility shown here, 

which is present due to the initial assumption of the Millers-Abrahams form. Strictly 

sp>eaking, the parameter £ may be considered the standard deviation of the product of 

intersite distance and wavefiinction decay constant, but the latter is assumed to be 

uniform for all sites in the initial development of the formalism. When dipolar variations 

are added [46], this difference may be important, but this is beyond the scope of the 

present work [47]. These variations may become more important in analysis of time-

by 

/i(a,2:,£)=/ioexp .(2.15) 
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domain transport issues in photorefractive composites, since there will be a strong 

presence of dipolar chromophores in such materials. It may be noted that the temperature 

dependence of this result differs from the traditional Poole-Frenkel form; to distinguish 

between the two forms would require experimental measurements over a wide 

temperature range. While the Poole-Frenkel model required the presence of hypothetical 

traps which are charged when empty, it has served as a basis for a number of refined 

models. The refinements have eliminated this necessity, and continue to be improved as 

experimental results fuel the process. 

2.3.1 Space-charge field formation 

To form a photorefractive grating using the mobile charge carriers discussed so 

far, they must stop moving to form a periodic space-charge field. This trapping process 

is largely the result of a great decrease in mobility between bright and dark regions of the 

material. A model was devek>ped [48] by Kukhtarev to describe the equilibrium space-

charge field in photorefractive crystals by solution of an appropriate set of 

electrodynamic and continuity equations. The results are applicable to organic materials, 

as well. The next section highlights the result following Kukhtarev's method. There are 

two cases presented, that of electron transport, and of hole transport which has been more 

important so far in organic materials. The scenario is that of two beam interference 

producing a sinusoklal irradiance pattern in the medium as described earlier in the 

chapter, given by the equation (2.2). 
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2.3.2 Kukhtarev model for electron transport 

The material is assumed to have a population of donors which contribute electrons 

to the transport process. It is also assumed that with no thermal or optical ionization of 

these donors, a number are ionized to produce a compensating population of ionized 

acceptors. These assumptions allow the balance equations to be written for the 

populations of the species. Given a total donor concentration , an ionized donor 

concentration a compensating acceptor concentration N'^, and a electron 

concentration n,, the rate equations may be written 

 ̂= (2.16) 
dt dt e 

in which y, is the electron current and e is the elementary charge, 

^ = (j/(x) + -n; )-rn,K (2.17) 
at 

where s describes the photogeneration rate of electrons, /3 the thermal generation rate, 

and Y the recombination rate. The current continuity is 

je = n,/i,tf£+/i,kTVn, (2.18) 

where is the electron mobility, E is the electric field, k is the Boltzmann constant, and 

T the temperature. The relationship of the electric field to the charge distribution is given 

by the Poisson equation (CGS) as 

= —4jce (n, + ) (2.19) 
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where is the static dielectric constant of the materiaL These equations include the 

unknown quantities n,, E, and J, which may be expanded to linearize the system 

of equations as follows. 

"r ='*»0 +^(",1 +C.C.) (2.20) 

JE=J^+  ̂  + C.C.)  (2.21) 

E = EO +X(£,«"*' +C.C.) (2.22) 
2 

K = + C.C.). (2.23) 

where the grating spatial frequency K is defined by 

K = —  ( 2 . 2 4 )  
A 

In each case, the 0 subscript denotes the constant term, the 1 subscript denotes the term 

which varies with the grating frequency K, and the complex conjugate is denoted by 

"c.c.". These values are substituted into the previous equations. Small modulation depth 

is assumed (m«l). The modulated terms are all assumed small relative to the constant 

ones, so products of any two spatially-varying terms are neglected. The constant terms 

are gathered into a set of equations, and the AT-frequency terms (in ) are gathered into 

another. An algebraic solution of these yields the value for , which is the spatially 

varying component of the electric field, i.e. the space-charge field. 
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where the diffusion field is defined by 

E„ = KkT (2.26) 

and the trap-limited field is defined by 

E — N (2.27) 

where is an effective trap density. To get the phase of this field, it is resolved 

into its real and imaginary parts 

Re(£i) = m- -fo 

I 
Z' _ V ' 

V ' / 

(2.28) 

Eo 

Im(£i) = -m-

l+-^4 
E, EoE, 

1 + ̂  

\2 f \ 

V ' / 

and the phase is given by 

(Im(£,)^ = tan~' 
[rc(£;) J 

(2.29) 

(2.30) 
E, EoE, 

In many cases, the analysis of systems requires only the magnitude of this field, which is 

written 
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|£,| = m (2.31) 

Using this result, the space-charge field may be written as 

=|£;|COS(a:X+<i>) (2.32) 

2.3.3 Kukhtarev model for hole transport 

The solution is analogous to the previous one. The entire argument will be 

presented for completeness and reference, but the process is the same. It is assumed that 

the hole-transport mechanism dominates in this system. The material is assumed to have 

a population of acceptors which contribute holes to the transport process. It is also 

assumed that with no thermal or optical ionization of these acceptors, a number are 

ionized to produce a compensating population of ionized donors. Given a total acceptor 

concentration N^, an ionized acceptor concentration N^, a compensating donor 

concentration «and a hole concentration , the rate equations may be written 

where 5 describes the photogeneration rate of holes, P the thermal generation rate, and 7 

the recombination rate. The hole current may be written 

(2.33) 
dt e 

in which is the hole current and « is the elementary charge. 

^ = UlU) + P)(N°-N:)-rn,N; (2.34) 
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Ik =n^H^eE-H^krVn^ (2.35) 

where is the hole mobility, E is the electric field, k is The Boltzmann constant, and T 

the temperature. Again, the electric field is associated to the charge distribution by the 

Poisson equation 

Coc^.E = 4ne (n» + - VV; ) (2.36) 

where is the static dielectric constant of the material These equations include the 

unknown quantities E, and which may be expanded to linearize the system 

of equations in a manner analogous to the previous case in equations (2.20)-(2.23). The 

solution for the spatially varying component of the electric field in this case is 

£, = —m (EQ I'EO)E^ 

E. + En +/Eo 
(2.37) 

where the diffusion field E^ and the trap-limited field E, are defined as before in 

equations (2.26) and (2.27), respectively. To get the phase of the space-charge field, it is 

resolved into its real and imaginary parts 

-En Re(£i) = m-

1+^ Eo 
3-= «'(£,)( 

\electron 
(2.38) 

and 

Im(E;) = m— 

1 + Eo^ Eo 
E, EoE, 

1+^ 

= -Im(£;)l (2.39) 
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and the phase is given by 

'koU tan"' 
rim(£;)] = tan"' 
[RC(£;)J E, Eo£, /J 

The magnitude of this field is the same as in the case of electron transport given in 

equation (2.31), and the space-charge field may be written as 

=|£;|cos(^+<I»^^,) (2.41) 

The comparison of the two solutions is intuitively satisfying, since the results have the 

same magnitude, and simply opposite senses of the phase shift. A number of potential 

refinements of these one-species models have been discussed, including multiple trapping 

levels, dual species, and even the inclusion of Onsager's form of geminate recombination 

in the photogeneration term of the continuity equation [49], but these are not essential to 

the understanding of our current experimental results. 

2.4 Refractive index grating formation 

Having established a shifted modulated space-charge field in response to the two-

beam interference pattern, the remaining step in the photorefiractive process is the 

modulation of the refi^tive index to form a phase grating. The original observation of 

index modulation was the result of electro-optic index variation because of the spatial 

variation in electric field in an anisotropic material. This mode of photorefiactivity is 

observed in inorganic crystals, and was also the mode found in early organic systems. 

However, in organic systems with low glass transition temperatures, an orientational 

mode of modulation was found in which the molecules themselves were physically 

aligned by the modulated electric field. In this case, the birefiingence of the composite 



44 

due to the polarizability difference between the chromophoie's dipole axis and other 

orthogonal axes tends to dominate the refractive index modulation mechanism. In this 

case, the orientation must be determined for the dipoles, and the resultant index variation 

is then determined. In this section, the oriented-gas approach for determining the 

orientation of the dipolar chromophores and its relation to the electro-optic properties will 

be discussed. The resultant index modulation via these mechanisms will be discussed 

briefly and related to the electro-optic parameters of the chromophores. Also, the basic 

principles of chromophore design will be introduced. Finally, the practical analysis of 

photorefractive performance will be described in terms of models for gain and diffraction 

efficiency. 

2.4.1 Poled polymers and the oriented-gas model 

When an organic composite is made in a typical way, by solution mixing and 

melting to form films, there is a random orientation of the electro-optic chromophores. 

The response typical in purely electro-optic photorefractive materials is a second-order 

nonlinear effect, which requires that the inversion symmetry of the material be broken. 

In orientational photorefractive composites, the dipolar chromophores must actually be 

oriented in the photorefractive process. In either case, the process of orienting an 

ensemble of dipoles using an electric field is known as poling. For materials with a high 

glass-transition temperature, Tg, of the first class above, the poling is done at an elevated 

temperature to allow the dipolar chromophores to move more freely in the polymer 

matrix, and the temperature is then reduced to freeze the orientation. For materials of the 
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second class with a low , the poling is done dynamically as the photorefractive process 

is exercised. Using the oriented-gas model, the effect of poling upon dipole alignment 

may be predicted, and the relationship between the microscopic properties of the 

chromophore and the macroscopic optical properties of the materials may be determined. 

The objective is to connect the microscopic polarization components to the macroscopic 

observable polarization in the laboratory frame of reference. 

To move from the frame of the molecule {x.y.z) to the frame of the laboratory 

(X, Y,Z) it is convenient to picture the d^lar molecules as in Figure 2-S. The cursive 

notation for the molecular frame is used as a reminder that this convention is applied only 

in this section dealing with molecular coordinates. The usual approach is to assume the 

molecules are rod-like, with the dipole moment oriented along the long axis designated as 

the molecular axisz. Other assumptions used to facilitate this analysis are 

• the dipolar chromophores may move freely in their surroundings at the poling 

temperature under the force of the applied electric field. 

• the chromophore molecules do not interact with each other. 

This allows the general relationship between the microscopic polarization p and 

macroscopic polarization P to be written 

where the / refers to laboratory coordinates of the macroscopic system, the i denotes the 

coordinates of the molecular system, and V denotes the volume being considered. The 

evaluation of this equation can be carried out properly by noting that 1) the molecular 
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parameters of polarization must be adjusted for their presence in a dielectric matrix, 2) 

the summation must be a thermodynamic ensemble average, 3) there must be a 

transformation of all tensor relations between the systems. 

Figure 2-5: Transformation from the molecular (Jt.jf.z) to the laboratory (X, Y,Z) 
frame of reference. 

To review the molecular quantities which describe the polarization, the t'' 

p>olarization component, , of a molecule can be expressed in a power series of the form 

P. = +aijEj + PijtEjEt ... (2.43) 

where is the permanent (ground-state) dipole moment, are the linear polarizability 

tensor elements, are the first hyperpolarizability tensor elements, and the various 
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Ej,Et are the field components which polarize the molecule. Here the Einstein repeated-

index summation convention is assumed. It must be noted that the specific value of 

depends upon the nonlinear process being observed. This may be indicated by including 

notation of the specific frequencies of the fields in the interaction, but this concept is not 

required to understand the basic process of associating the molecular and macroscopic 

behavior. These terms are the only ones that will be considered in the description of 

photorefractive polymer index modulation that follows. The form of the macroscopic 

polarization induced by applied fields may be written 

p = p'" + p'-' 
- (2.44) 

~ Xu Ej XuK^ jEk ••• 

where the P, are the polarization terms, x^u the linear susceptibility tensor elements, 

XuK are the second-order susceptibility tensor elements, and the Ej,Ek are the field 

components interacting with the material. 

The fields at the molecular level are influenced by the surrounding environment 

of the matrix, so they must be corrected. It is assumed that the molecule is enclosed in a 

spherical dielectric cavity, and the relevant field correction factors for electro-optic 

interactions have been described by the Onsager field correction factor for dircct-current 

(DC) fields 

£ee(£^_ (2.45) 

and by the Lorentz-Lorenz field for high-fluency (optical) fields 
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(2.46) 

given a low-frequency or DC dJelectric constant and the optical-frequency dielectric 

constant £.. These are applied to the molecular constants as appropriate to the DC and 

optical fields involved. For example, the second hyperpolarizability in an electro-optic 

interaction of a E>C and an optical field to produce another optical field of the same 

frequency would be corrected by 

The superscript is used to denote corrected values, which are also sometimes called 

dressed values. Having compensated the microscopic values for the local field 

conditions, the thermodynamic distribution of orientation of the dipoles will be 

considered. 

The oriented gas model provides the route to the ensemble-averaged propeities of 

dipoles oriented by an applied electric field. Referring again to Figure 2-5, the coordinate 

systems and the angles of transformation are shown. The angle between the laboratory Z-

axis and the molecular axis z given by d. It is assumed that the molecular dipole moment 

is oriented along the molecular axis z. To simplify the relationship, two assumptions 

mentioned earlier are applied. First, the molecules are assumed to be rod-like with 

cylindrical synmietry, which eliminates the dependence upon the molecular rotation 

angle xff. Second, only the contribution of the hyperpolarizability tensor element , 

along the molecular axis, is considered; this removes the dependence upon the angle 0. 

This may be seen as a consequence of the bulk averaging of a random variable. The 

(2.47) 
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orientation of the dipoles is considered to follow a Maxwell-Boltzmann distribution 

function [26] in the interaction energy between the d^le and the applied poling field. 

This energy is given by 

U ( e )  =  - f i '  
" 2 (2.48) 

« -ji' • = -|/2*||e,|COS(0) = -KkTcosm 

u'E 
with K s — and /i* = /o/i 

kT 

where the induced polarization is ignored as a much smaller effect than that of the 

permanent dipole. Here is the poling field applied along the laboratory Z-axis. This 

leads to a Maxwell-Boltzmann distribution function given by 

/,_,(«) Jft = sinOde 

= fM-Bie)de 

The thermodynamic average for some function g((9) of a volume of an oriented species 

IS 

(«(»»=^ 

° (2.50) 
JT 
jg(e)e*"'^ sindde 

_ 0 

sinddd 
0 
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This general relation allows the evaluation of the macroscopic clectro-optic properties of 

poled polymers using a coordinate-transformed microscopic quantity as the kernel 

function g(0) in this relation. When the function g(0) has the form of cos'd, 

'jcos" 9 sine de 
{cos"0) = -2-^j = ' (2-51) 

Jc'^-^sind de 
0 

this defines the Langevin functions, ^(K). When the applied electric field is small 

enough to make the parameter K < 1, the system is said to be in the weak poling limit. 

This allows the Langevin functions to be approximated by 

M I K 
= (2.52) 

This condition is satisfied in most experimental conditions of interest, and these 

approximations will be used to evaluate some of the relations developed in succeeding 

sections. 

2.4.1.1 Purely electro-optic material 

For the class of photorefractive materials which exhibit purely electro-optic index 

modulation, the typical mode is a second-order nonlinear effect. Thus, it is desired to 

connect the microscopic first hyperpolarizability of the dipolar chromophore to the 

second-order susceptibility of the composite material which contains it. Beginning with 

the dressed first hyperpolarizability, the connection to the second-order nonlinear 

susceptibility is made by the orientational ensemble average. 
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z S i = N { ( i i ) { J j ) ( K k ) p ^ )  , (2.53) 

where i ,J,k are unit vectors in the macroscopic frame and i ,j ,k arc the corresponding 

unit vectors in the molecular frame. If operating in poled polymers far from resonance, so 

that Kleinmann's symmetry applies, there are only two unique elements in the 

susceptibility tensor. 

Xii — Xzxx 
<^33 = Xza. 

(2.54) 

These can be evaluated by (2.50) as 

x'Sx =N{(Z z)(x .r)(x^))p-^ 

= N (cosO sin^ 0 cos^ • (2.55) 

x'î  =w((z/)(z-^-)(z/))/5i^ 

= N {cos^ (2.56) 

= N[L,mWzz '2Z? 

The integrated geometrical transformation factors have been resolved into Langevin 

functions Ly,(K), where the argument K is as defined in (2.48). When K is less than 1, 

the weak poling field limit, the relations may be simplified to 

,2, 
XxKx ~ ^ ~ ^ \5kT ' (2-57) 
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These susceptibility tensor elements may be associated to electro-optic coefficients to 

obtain observable index modulation values in the laboratory frame by the relations 

where are the polarization vectors of the incident and diffracted waves, 

respectively; e is the dielectric tensor, is the second-order susceptibility tensor, and 

2.4.1.2 Orientational photorefFactive material 

For orientational photorefractive materials the typical index modulation mode is 

due to a change in linear susceptibility. Thus, it is desired to connect the microscopic 

polarizability anisotropy Aa =<*„ -a^ of the dipolar chromophore to the linear 

susceptibility modulation of the composite. The thermodynamic average is done in 

similar fashion to the previous case, except that the unpoled thermodynamic average 

must also be determined and subtracted from the poled solution. In other words, it is not 

the absolute birefringence which is sought, but rather the change in birefringence upon 

poling [50], The results are 

(2.59) 

; x'S : k.E.e^ 
ft 

A* is the unitary grating vector defined by 

(2.60) 

2 

(2.61) 
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AjrS.'=A;ri;=~AjrS (2-62) 

where the low poling field limit is assumed in the last approximation of (2.61). The 

ce„,ax are the linear polarizability elements parallel to and perpendicular to the molecular 

dipole axis, respectively. The field correction factor is given by 

F'" = /., (2.63) 

the Lorentz-Lorenz factor as introduced earlier. These susceptibility elements may be 

related to the index modulation by the relation (CGS units) 

=1 + 4;^ 

^ 2/1^ = (2.64) 

An=— 
n 

Now that the role of the microscopic, molecular optical properties has been introduced, 

the principles of chromophore design will be described briefly. 

2.4.1,3 Basic molecular optical properties and chromophore design principles 

In the classic case of purely electro-optic photorefractive materials, the results 

displayed earlier show that the effect may be enhanced by increasing the first 

hyperpoiarizability P of the chromophore. Of course, the benefit of such an 

improvement is not limited to photorefiactive applications. The electro-optic use of 

polymer materials for optical modulation, for example, also improves with chromophore 

optimization. The study of molecular optical characteristics has developed around these 

prospects. 
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For a molecule to exhibit a first hyperpolarizability, it must have broken 

centrosymmetry. This principle has been investigated in organic materials for several 

decades, beginning with experiments in functional group substitution on molecules with 

high initial symmetry. The benzene molecule provided a good basis for critical woik in 

the field by Oudar and Chemla in which single substitutions were made of a hydrogen 

atom on a benzene ring. The early result [51] came to be called the Equivalent Internal 

Field (EIF) model [52]. The theory considers the perturbation £„ of the internal electric 

field of the molecule by the substituent group, and its effect on the clectromcric moment 

A/i, by the relation 

When the molecule interacts v^rith an optical field, its perturbed polarization is given by 

which shows a second-order term in applied Held E. Thus, a first hyperpolarizability 

may be defined for the perturbed system as 

where the latter form uses equation (2.65). The polarizability was formed using an 

i r r e d u c i b l e  t e n s o r  f o r m a l i s m  [ 5 1 , 5 3 ] ,  w h e r e  g e o m e t r i c a l  s u n m i i n g  o f  t h e  i n d i v i d u a l  n -

eiectron bond system contributions took the place of a full tensor treatment. These 

results were extended to a large number of mono- and di-substituted benzene molecules 

[54-56]. It was noted that para-substituted molecules with a donor and acceptor had 

significantly greater quadratic polarizability than meta-substituted forms, which was 

An =aEo +y£o =«^o (2.65) 

p = a(Eo + ̂  + YiEo + + 3£o£- + E'  ) ,  (2.66) 

(2.67) 
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attributed to stronger intramolecular charge-transfer [57]. These considerations were 

extended to conjugated molecules where both a donor and an acceptor group were 

substituted [52,58]. These results built a consistent picture of the individual effects of 

substituents on the first hyperpolarizability, and the enhancements in conjugated systems 

with both donor and acceptor groups led to the concept of the push-pull molecule. 

The push-pull molecule idea is illustrated by a schematic example, a polyene, and 

a para-substituted benzene molecule in Figure 2-6. This means that the ic-electron system 

in the conjugated path between the donor and acceptor allows the donor to push or distort 

its charge towards the acceptor. The result is an effect on the polarization of the 

molecule which is larger than expected from the sum of the two individual groups [57]. 

Figure 2-6: Illustrations of the push-pull molecule concept. 

The first hyperpolarizability of these molecules is described by the sum of two terms 

schematic 

substituted 
polyene 

substituted 
benzene 

P ~ Pedant Per (2.68) 
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where the B is the simple additive component from the two groups, and ^ ^ 

charge-transfer enhancement This charge-transfer interaction is estimated by using a 

two-ievel model for the interaction between the ground-state and the charge-transfer 

state, I. e. the one in which the donor and acceptor have transferred charge. Restricting 

the problem to the electro-optic case pertinent to photorefractives, the charge-transfer 

contribution is predicted to have the form 

Pcr((a,0,a}) oc p(p) (2.69) 

where cOg-cr the frequency of the charge-transfer absorption, to is the frequency of the 

optical stimulus, and ^(0) is called the dispersion-free hyperpolarizability. It is given by 

= = , (2.70) 
« £g-cr 

where again the subscript g-CT denotes the transition between the ground and charge-

transfer states. An important message in this result is that as the energy of the charge-

transfer absorption decreases, the hyperpolarizability is enhanced. However, this also 

corresponds to an increase in wavelength of the absorption, reducing the transparency of 

typical molecules in the visible region. This consequence is often called the 

transparency-nonlinearity trade-off [59]. Fortunately, the advent of photonic applications 

in the near-infrared allows this phenomenon to be exploited. The principles discussed so 

far in this section have given rise to a molecular-engineering approach [S3] to 

chromophore design, which will be discussed briefly. 
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Due to the difference in meta- versus para-substitution in di-substituted studies 

mentioned before, it is logical to question the effect of conjugation length on the 

nonlinearity of push-puU systems [60,61]. In a larger sense, this is related to the more 

general question of the effect of order on the nonlinear optics properties [62]. Intensive 

molecular modeling using the form of P just presented initially showed that it could be 

optimized by selection of appropriate donor and acceptor strengths in a given conjugated 

bridge system [63]. In push-pull molecules, the charge separation and its relationship to 

the bridge was correlated to the bond-length ahemation of the bridge [64-66]. This is just 

the average difference between bond-length of adjacent bonds in the bridge. It was found 

that the ground-state bond-length alternation can be used as a predictor of the 

hyperpolarizability, and indeed molecules may be modeled to design the desired 

nonlinearity. This was subsequently extended to the linear polarizability and the 

polarizability anisotropy [65-67] as orientational photorefnu;tivity [68,69] was observed 

and developed. Having discussed the mechanisms and design principles which lead to 

index modulation in photorefractive composite materials, the analysis of the 

photorefractive effects themselves will now be discussed. 

2.4.2 Key applications of coupled-wave equations 

With the understanding of charge generation, transport, space-charge field 

formation, and the mechanisms of refractive index modulation, the effect of such gratings 

in an experiment may be explored. The two types of experiments which are typically 

used to characterize photorefiactivity are two-beam coupling and four-wave mixing, as 

shown in Figure 2-7. In two-beam coupling, the exchange of energy between the two 
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writing beams is observed directly. In four-wave mixing, a third beam is used to probe 

the grating formed by the first two, leading to a diffracted fourth beam. The following 

discussion will briefly introduce the analyses of such data and the origin of the pertinent 

relations. First the basic coupled-wave equations for the interaction of two beams in a 

modulated medium will be derived. Then these results will be used to explain the 

solution for the two experimental cases. 

Rgure 2-7: The four-wave mixing process (a) uses two writing beams (black 
arrows), with the grating probed by another beam (gray arrow) which is transmitted 
and diffracted. In the two-beam coupling process (b), light is coupled from one 
writing beam to the other. 

2.4.2.1 Coupled-wave equations in grating media 

The geometry of this system is shown in Figure 2-8. The beams are assumed to 

be matched to the grating, such that the grating vector~k^. This condition is often 

called the Bragg condition. This means that there is perfect constructive interference 

between successive grating periods, with a phase difference of 2jc , i.e. an optical path 

difference of A. It is also assumed that the grating parameter 

(2.71) 
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to ensure the system is in the thick-grating regime [70]. The two plane waves are 

represented by the forms 

/i = l,2 

Each field is substituted into the Helmholtz equation for resonant propagation 

(2.72) 

f 
2 

2,..2 N 
V^ + £=0 (2.73) 

where the spatial derivatives arc done for each field in its natural coordinate system. This 

yields for beam 1 

ik,'f 9 » 
az,= 

+ 2.-^ A-
OZ, 

2 2 \ 

/J 
A = o  (2.74) 

The slowly-varying envelope approximation (SVEA) is applied assumiag that the first 

term, in the second derivative order, is much less than the second term and is 

subsequently neglected. The variation of the refractive index must be applied to the last 

term to couple the two waves by the expression 

=(no =n^ -h2no^-h(An)^ 

= n^+2/ioAn 
(2.75) 

where Hq the nominal index, and ^ is the modulation. The approximation assumes 

that the second-order term in An is much smaller and may be neglected. Using the spatial 

index modulation function 

An = An e -re 
(2.76) 

gathering terms with like dependence yields an equation in ib, 
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i 2 A : ,  ̂ j i 4 ,  + ^ ( n o A  + r h ^ e ' * A i ) = 0  .  ( 2 . 7 7 )  

Noting that the wavevector A:, is by definition , the second and third terms canceU 
c 

leaving the equation 

a4, ^2.78) 
c dz, c 

which is conveniently simpliHed to bare the derivative term and transform the beam 

coordinate to a laboratory coordinate, with the assumed symmetric geometry 

COS0 =cos©, =cos02, to 

^ = |- . (2.79) 
dz 2ccos6 

The corresponding equation for the other beam differs in form only because of the sense 

of its x-component, and is given by 

dAj fliA/i —^ Qfw -^ = 1- -e A^ . (2.80) 
dz 2ccos6 

These are the general coupled-wave equations for two-beam interaction in a medium with 

a sinusoidally-modulated refractive index. They have been solved for many cases; there 

have also been derived multi-beam versions of these equation and second-order ones, but 

these are not necessary in the present context Next, two particular solutions are 

described which are useful in data analysis. The first is the solution for two-beam energy 

exchange, and the other is the form of the diffraction efficiency of a grating typically 

formed in a four-wave mixing experiment. 
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beam 2 

Figure 2-8: The propagation of two coupled waves in a grating medium with wave 

vectors and grating vector K. 

2.4.2.2 The sohition for gain in two-beam coupling 

To determine the gain coefficient in a two-beam coupling experiment, the index 

modulation is connected to the complex space-charge field which produces it. Given an 

effective electro-optic coefficient , the complex index modulation can be written 

= (2.81) 

where is the complex, spatially varying space-charge function, and E„ is the 

maximum space-charge field when m=l. The last form of the equality above is useful 

because it relates the index change to its maximum available value. Substituting this 

form into the coupled-wave equations, they can be cast into the form 



62 

dA, r 

dz "*2 
lAlkl (2.82) 

where f* is defined as 

(2.83) 

An experiment involves observations of power in the two beams, so it is desirable to cast 

the solution into a form which reflects this. Using the relation 

/ = t K r .  

the coupled-wave equation may be rewritten as 

dlj _ nc 
dz ~2jc 

nc 
lit 

IMW r 
2 L i A r - ^ K r j  

Using the following expressions for the individual waves 

the equation can be written completely in terms of energy as 

lAlkl 

LiAr-^K.rj 
e-^A^A, 

dl\ _ nc 
( -r 1 

\ 

dz 2x ' 2 1 + >
 

« 

c c c 

> 

=r /./, 

and 

rsfsin[<I>-(^, -^^2)] 

(2.84) 

(2.85) 

(2.86) 

(2.87) 

The equation for the second beam is obtained in the same process and the result is 
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dl. 
dz / . + / . J  

(2.88) 

These equations assume a lossless phase medium, so in addition to the transfer of energy 

the absorption coefHcient, a, may be included to obtain 

dz 
^ = r  LLS 

l/.-H/J 
-a/, 

d l^_  J /./. -Of/, (2.89) 
dz  lA+z j  

This suggests a change of variables to decouple T and a. The variation is done by the 

substitution 

(2.90) 

to obtain new coupled equations 

dU =ru 
dz 

with general solutions of exponential form 

U iz )  =  ,  

dV 

dz 
= -aV (2.91) 

V(z )=cy '  (2.92) 

The boundary conditions are now applied to these solutions. The beam powers 

(irradiances) are known at the input z=0 side. This allows the particular solutions to be 

written 

[ / ( z )  = 
I , i z )  1 , (0 )  

V ( z )  =  /, (z) + A (z) = [/, (0) /, m]e-

(2.93) 

which can be reduced conveniently to reference the beams directly by 
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/;(;) = /, (0)" = /; (0) V • <2-94) 

fc = /2(0)/ 
//.(O) 

The quantity 6 is called the beam ratio. In cases in which the beam ration is relatively 

large, this results in simplification of the beam 1 (amplified beam) expression to 

/,(z)=/,(0)<r"'-^'' , (2.95) 

which is a very useful relation for understanding the interaction of the beams intuitively. 

In an experiment in which the beams are observed after passing through a photorefractive 

material, the data are often normalized by the transmitted beam power in the absence of 

the other beam to produce a dimensionless gain factor / as follows 

il+b)e''^ 

/.(^)L=o i+be'" 

Solving for the gain coefficient, one gets 

r = i[bi(y,fc)-ln(l+Z>-y,)] . (2.97) 
a 

Finally, it is worthwhile to note the assumption that the angles between the beam 

trajectories and the Z axis is ignored in the loss terms, but this correction is adequate for 

many analyses This allows analysis of two-beam coupling, the critical experiment which 

identifies the photorefractive effect. To gain the tools for analysis of four-wave mixing 
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experiments, the coupled-wave equations will be solved for the diffraction efficiency in 

four-wave mixing experiments. 

2.4.2  ̂Kogelnik solution for diffraction efBdency of a transmission phase grating 

The results of this derivation arc due to Kogelnik, whose seminal woric has 

formed the basis for many worics in coupled-wave theory. In a sense, the approach is 

very simple, and much has been made of improvements to it. However, it is a very 

important and flexible result. The general solutions may be written 

i4, (z) = fl, +0,2^""^ 

^ 2 ( 2 ) — + £ 1 2 2 ^  
(2.98) 

— An 
tn 

Xcosd 

subject to boundary conditions which fix the constants Oij. In this case, we are treating 

the grating as a pre-existing grating which is probed by a single input beam. The output 

consists of a transmitted probe beam and a di^acted one. Thus, the boundary conditions 

may be presented as 

y4,(0) = A , i42(0) = 0 , (2.99) 

where the A^ overbar is a reminder that this is the constant input amplitude, not the 

variable A,. This leads to the constant evaluations 

fljl ~ ^2 ' ^1 — ^^22 ' (2. ICX)) 

the first to make the result a real and decreasing function, and the second to make the 

result identically zero. The amplitude solutions are thus 
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i4,(2) = i4,cos(CJ2) , i42(z)=iA,siii(fiJz) , (2.101) 

and the results will again be put in terms of optical power fluence. The diffraction 

efficiency 77 is given by dividing the output diffracted power by the input power 

l ^ id )  ^  n =-2 = -2_^ = ̂ sm (CTJ) 
/.(O) |;i;f 

. 2 rf 1 = sm 

(2.102) 

(.Acos^ J 

showing the form of dependence for a transmission phase grating. The Kogelnik results 

are derived for a general slanted-grating geometry. They also include losses and have a 

more complex form which can be used for slightly off-Bragg conditions. The original 

work should be consulted for a complete development in cases where these extensions 

are needed. The results are presented here for reference. For a lossy slanted phase 

grating, the diffraction efficiency is given by 

/ . - r.,2 
I7=exp 

-ad _l_^_l_'l 
c. c. 

sin^[v^ 

1 
(2.103) 

with the parameters 

TcAnd  . 
ere  J  , ad 1 1 

(2.104) 

The parameter v is a coupling constant; ^ is a measure of coupling losses due to 

absorption and Bragg mismatch. The latter parameter is neglected for the Bragg-matched 

case of a typical experiment in samples with ad less than unity. The factors c, ,c^ are 
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the obliquity factors of the incident and diffracted waves, respectively. The vectors 

are the unit polarization vectors of the incident and diffracted beam, respectively. These 

parameters may be connected to the standard laboratory geometry, assuming the incident 

probe beam is the one nearer to the sample normal, by the relations 

c, =cosce, , Cj =cosa2 

A r(a,-Ka,) (2.105) r( 
2 

where again o, is the angle in the sample of the incident beam (closer to the sample 

normal) with respect to the Z axis, is the angle in the sample of the diffracted beam 

with respect to the Z axis, A is the grating spacing, and 9 is the angle of the grating 

vector with respect to the Z axis. The angles are related to sample tilt angle yf and the 

inter-beam half-angle 0 outside the sample by the relations 

a, =sin"' . (2.106) 

This provides the necessary information to analyze experimental data and to understand 

the critical assumptions behind such an effort. These equations may also be applied to 

the case in which the incident beam is further from the sample normal than the diffracted 

beam by simple inversion of the grating vector orientation, i. e. changing the sign of the 

diffracted order so that ~k 
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CHAPTER 3 MATERIALS DEVELOPMENT FOR 

PHOTOREFRACTIVE COMPOSITES 

The necessary analytical tools to understand photorefractive composite materials 

and their constituents have now been introduced. We will use this background to explore 

the development of these materials. Though the discussion centers on organic 

photorefractive composites with orientational birefringence, i. e. so-called low-glass-

transition-temperature (Tg) materials, there will be some discussion of photorefractive 

materials and components in the broader sense. This is because the direction of the field 

has taken various turns in its development, and may do so again. A broader perspective 

is good preparation. First, following the pattern of the previous chapter, the individual 

functions of photogeneration, charge transport, and electro-optk; index modulation will 

be discussed in terms of materials, as well as inert polymer components which have a role 

in some composites. Then, the general development of organic photorefr^tive materials 

will be discusscd in which these functions are combined. This will provkle a setting for 

the experimental work and the results presented later. 

3.1 Photoconductors: coupled photogeneration and transport processes 

Photoconductors are materials whose conductivity changes by exposure to light. 

Conductivity relates to the amount of charge present in a material and to the speed at 

which it moves. Thus, photoconductivity depends upon the amount of charge 

photogenerated, which depends on the light absorbed. It also relates to the drift speed of 

that charge, which depends on the mobility and on the electrk: field. In organk: 
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photoconductors, the photogeneration process also depends strongly on the electric field, 

as described earlier in the theoretical terms of the Onsager theory. The ability to absorb 

light and convert the resulting electron-hole pairs into free charges is summarized by the 

photogeneration efficiency. This is determined by photoconductivity measurements. 

Transport processes are also field-dependent, and may be understood in real organic 

materials by using the disorder formalism presented earlier. The ability to move the 

photogenerated free charge is characterized by mobility measurements, which are usually 

done by transient photocunent or time-of-flight experiments. A survey by Borsenberger 

presents experimental results in the context of the disorder theory [71], and may be useful 

in interpreting the conduction dynamics of new composites. In particular, as 

photorefractive dynamics are scrutinized, the effect of dispersive transport may become 

critical to performance improvements. Some detailed experimental analyses of 

dispersive transport effects have been done in organic photorefractive materials [72-74], 

including investigations of trap density variations [75,76]. In fact, it has recently been 

demonstrated that the holographic dynamics may already be correlated to dispersivity of 

charge transport in fast photorefi:active organic glasses [77]. A holographic time-of-flight 

technique [78] has been used to supplement [79] the traditional technique, since the latter 

results are thickness-dependent in highly dispersive materials [39], The combination of 

techniques has allowed estimation of the effective charge drift length in an organic 

photorefractive material, which provides the impetus to design materials with optimized 

drift length to improve speed [80]. 
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An organic photoconductor may be tuned to absorb outside its intrinsic absorption 

band by the addition of a sensitizer. This may result in either a direct absorption by the 

sensitizer or by a complex established between the sensitizer and the transport species. In 

organic materials, the hole-transport mode has dominated. This requires a sensitizer 

which has an electron acceptor nature relative to the transport species. Upon excitation, 

the acceptor has an electron transition from its effective ground state, called the HOMO 

(Highest Occupied Molecular Orbital) level, to its LUMO (Lowest Unoccupied 

Molecular Orbital) level The hole left in the HOMO level then accepts an electron that 

is transferred from the donor, and thus a hole is opened in the transport system and may 

propagate. Of course, if one makes an electron transporting system, the sensitizer must 

donate electrons (i. e. be an electron donor) to activate the conduction process. This 

nature may be examined by measuring the ionization potential (/^) of the molecules, 

with larger corresponding to a less electron-rich species. 

An intrinsic organic photoconductor may consist of small molecules or of 

polymers. While small molecules may be used in photorefractives, polymers have been 

used in this capacity predominantly. Among polymers used for this purpose, most 

attention has been focused on so-called pendant-group polymers. This means that the 

aromatic groups of interest are hanging off the main polymer chain or backbone. In this 

case, the electronic characteristics of the polymer are actually very similar to those of the 

pendant group in isolation [81], bccause the backbone effectively isolates the group and 

reduces their interactions. The transport process actually entails direct charge transfer 

between pendant groups, not through the backbone connections. For further discussion 
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of these systems, as well as non-pendant-group systems, a review by Moit [2] may be 

consulted. 

Organic photoconductors have a rich history prior to the advent of organic 

photorefiractive materials. Photoconductors in general found application in electrostatic 

imaging in which a charged powder was used to produce a visible image on a charged 

photoconductor, as described in a seminal patent by Carlson [82]. This introduced and 

reduced to practice the essential process in commercial photocopiers. Though his initial 

work involved inorganic materials, it led to the investigation of anthracene as a suitable 

material, the first organic photoreceptor in this application [28]. Since then, organic 

photoreceptors have advanced largely by the influence of this industry. There has been 

considerable work in developing inorganic photoreceptors such as amorphous selenium 

[83] and other members of the so-called chalcogenide glass family. However, the 

polymers such as polyvinyl carbazole (PVK) have come to dominate because of their 

ability to form flexible structures and because of their relative cost, and despite lower 

drift mobility [84]. The first major organic photoreceptor in photocopier 

(electrophotographic) applications [85] involved PVK as a conductive polymer, doped 

with trinitrofluorenone (TNF) as a photosensitizer. The photocopier business has been a 

major influence in organic photoreceptor development, as witnessed by the volume of 

patents which reference the original Shattuck patent (62 US Patents currently), and the 

continued activity along these lines [e. g. 86,87]. PVK is itself photoconductive, but its 

absorption is in the near ultraviolet region. The incorporation of TNF leads to absorption 

in the visible, and very efficient charge transport, through the formation of a charge-
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transfer complex with PVK [88]. The formation of a charge-transfer complex simply 

means that the molecules interact to foim hybrid absorption characteristics not present in 

either alone [89]. While the PVK/TNF system has passed out of usage in photocopiers 

due to concerns about its toxicity, poor mechanical qualities [90], and post-consumer 

waste, in photorefractive applications this concern is more limited because the material 

would be encapsulated and of relatively small volume. This system and derivatives 

continue to contribute to progress in photorefractive composites. 

The PVK/TNF complex has been studied extensively. A few highlights arc 

included here. As described in the section on transport analysis. Gill developed a 

correlation to describe the fleld and temperatiue dependence of hole mobility in which 

was reported in 1972. This was the result of extensive measurements in the PVK/TNF 

system. Through photoconductance measurements and their correlation Onsager theory, 

photogeneration was characterized in a number of organic systems. A consensus formed 

on the thermalization distances typical of pure PVK [91,92], in the range of 20-30 A. 

This work v^as carried out in the PVK/TNF system yielding values of about 35 A [93]. 

While the absorption of the PVK/TNF complex is peaked near the center of the 

visible, and essentially zero in the near infrared, extended response into the infrared is 

desirable to enable photorefractive applications using infrared photodiodes or ultrafast 

pulsed sources. A variant of TNF, (2,4,7-trinitro-9-fluorenyUdene)malononitrile 

(TNFDM), was developed to provide such extended response, and its utility was reported 

for applications in pulse-gated imaging [17,18]. 
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Another class of sensitizers important in organic photorefractive materials are the 

fiillerenes. Though various members of the family have been used, the most common is 

C^o- Photorefractivity was observed in a Cao-sensitized composite soon after the first 

observation in a polymer [94], It has been a mainstay in the field ever since, and has 

recently been instrumental in producing faster response due to high photogeneration 

efficiency in some composites [95-98]. A number of examples of composites containing 

C60 will be discussed in more detail in the following section focusing on photorefractive 

development. 

Finally there are a few other classes of sensitizers which are important in organic 

photoconductors. Though not used in the research presented here, they are introduced 

briefly, based on a comprehensive review by Law [90]. Phthalocyanines are a class of 

photoconductors which exhibit intense absorption in the green through red, with some 

crystalline morphologies extending absorption into the near infiared. Squaraines also 

exhibit absorption in the green, red and near-infrared part of the spectrum, and have very 

high extinction coefficients. Another class, azo pigments, involves a -nitrogen=nitrogen-

bridge between two aromatic groups. It is a very broad and pervasive group of 

compounds which has been extensively developed. As a result, their sensitivities can be 

virtually anywhere in the visible spectrum, as well as into the near infiared. The width of 

the absorption spectrum is typically about 200 nm, and sensitivity can be as high as any 

of the phthalocyanines or squaraines. Perylene pigments may absorb through most of the 

visible spectrum, but do not generally extend into the infiared. 



74 

With the cunent intefest in nanomaterials, it is worth considering the construction 

of hybrid photoconductors using inorganic photogenerators. One recent example of this 

strategy used a dispersion of cadmium sulfide nanoparticles in a PVK matrix plasticized 

by tricrcsyl phosphate (TCP). The chromophore was 4-nitrophenyl-L-prolinol (NPP). A 

diffraction efficiency of 8% was observed at 137 V/^m applied electric field, along with 

a net gain of 30.8 and S0.8 cm ' at 107 and 119 V/^m, respectively. The strategy 

involved coating the nanoparticles to prevent secondary growth and agglomeration. One 

limitation to this approach is that it increases the effective dielectric constant of the 

composite, which may limit the space-charge field formation [99]. 

Though PVK has been the key photoconductive host in photorefractive composite 

materials, others have been investigated. A photorefractive material incorporating an 

electron-transporting host was recently reported, and will be discussed in the section on 

guest-host composites. 

3.2 Inert polymer matrix materials 

The host material does not necessarily have to be photoconductive, nor does it 

have to be functional in the sense of supporting the photorefi^tive process. An inert 

matrix may be doped for all of the appropriate photorefractive functions. Many common 

commercially-available polymers may be used in such applications, for example 

polymethylmethacrylate, polystyrene, polycarbonate, or copolymers incorporating 

various monomer groups. The potential advantages may include improved chemical 

resistance, optical quality, control of thermal properties, birefringence control, or 

enhanced solubility of components. This provides the prospect for improved materials 
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processing options as photorefractive polymers approach commercial use. This will be 

discussed later in the context of guest-host composites, as well as in the results section 

which addresses some prospective industrial fabrication options. 

33 Electro-optic chromophores 

As with photoconductors, the field of nonlinear optic organic materials was rich 

before organic photorefractive materials came along. In early comparisons of the second-

harmonic generation of inorganic crystalline materials to select organic ones [100], the 

high performance of the latter was noted. The development of poled guest-host 

polymers for use as second-harmonic generators [101] promoted material development to 

achieve high first hyperpoiarizability in chromophores. The theory which emerged from 

the work of Oudar and Chemla [51] has been described, and the principles are readily 

applied. Without discussing specific compounds, the nonlinear properties in a push-pull 

molecule may be described qualitatively in this way. The push-pull system consists of a 

donor and acceptor group joined by a conjugated bridge. For a given bridge, the first 

hyperpoiarizability nonlinearity correlates to the strength of the charge-transfer 

interaction between the donor and acceptor. This charge transfer interaction is related to 

the total difference in charge "pushing" ability between the groups. In donors, this is a 

positive value; in acceptors it is negative. Consulting Table 3-1, the nonlinearity for a 

given bridge would tend to increase as stronger combinations of stronger donor and 

stronger acceptor are chosen. This intuitive approach may be supplemented by quantum-

chemical calculations or other sophisticated approaches, but that is beyond the scope of 

this work. 
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Table 3-1: The approximate relative strengths of a number of donors and acceptors 
adapted from multiple sources [56,58]. 

Increasing strength 

• 

donors OH F, Br, CI I CHa, OCH3 NHj N(CH3)2 

acceptors CN CHO CCX:H3 NO2 NO 

The practice of chromophore design and optimization for photorefractive 

performance is relatively new. Initial activity was mostly a matter of selecting existing 

nonlinear optic species and trying them. Fortunately, this is an area where the structure-

property relationships have become reasonably well-understood. As described in the 

previous chapter, the bond-order alternation theory provides a means of molecular 

engineering the first hyperpolarizability of a push-pull chromophore [63]. This concept 

was extended to manipulation of the linear polarizability anisotropy [66,67] as this 

became important in the advent of orientational photorefr^tive materials [68]. This 

approach has been applied to designing a chromophore which produced unmatched 

dynamic range in photorefractive four-wave mixing tests [102]. This will be described in 

the section on guest-host materials. The chromophore was also designed to have very 

high solubility in the host system, and some intrinsic transport ability, which leads it to be 

caUed a multifunctional chromophore. A number of other multifunctional chromophores 

has been described in the literature, but they will not be treated individually here. Most 

often, there have been combined the nonlinear optic and the transport functions, in some 

cases in molecular form [103,104], while in other cases as polymers [105]. 
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Multifunctional polymers will be discussed a bit more in the next section in the context of 

fiinctionalized systems. 

3.4 Organic photorefractive materials development 

Though photorefractive materials have been explored for decades, the advent of 

organic photorefractives is relatively recent. The first observation of the photorefractive 

effect in an organic material occurred in 1990. The material was not a polymer but rather 

was a nonlinear optic organic crystal 2-(cyclooctylamino)-S-nitropyridine (COANP) with 

an electron acceptor, 7,7,8,8-tetracyanoquinodimethane (TCNQ), doped into it to make it 

photoconductive [7]. The preparation of the doped organic crystal was painstaking and 

problematic, so few reports have followed on organic photorefr^tive crystals [25]. The 

first observation of the photorefr^tive effect in a polymer was made in an electro-optic 

polymer (bisA-NPDA) composed of bis-phenol-A-diglycidylether reacted with the 

chromophore4-nitro-l,2-phenylcnediamine, and doped with a hole-transport material 

diethylamino-benzaldehyde diphenylhydrazone (DEH). The resulting diffraction 

efficiencies were on the order of 10'^ at applied fields of 12.6 V/|im; the grating 

development was observed over a period of about 3 minutes [8]. The space-charge fieki 

was determined to be 2.6 V/pjn, greater than that typically obtained in inorganic crystals. 

In this case, the electro-optic material also functioned as a photogenerator. No two-beam 

coupling was initially observed in this material due to its small response. The 

significance of this event is that it proved the principle of polymeric photorefractive 

materials, with the inherent advantages of film-forming capability, doping flexibility, and 

limitless synthetic avenues to explore. This potential has led to advances along parallel 



78 

paths in organic photorefiractives. This doping or guest-host approach has been 

continually explored. In this segment, dopants have been introduced in which additional 

capability is introduced in the electro-optic species, leading to so-called multifunctional 

chromophores. Functionalized-polymer approaches involving the inclusion of essential 

photorefractive function on the polymer backbone have been explored. These 

developments will be examined in succeeding sections, showing progress towards the 

current state-of-the-art. Since the bulk of contemporary work involves guest-host 

composites, a brief example of the fiinctionalized approach will be discussed first, 

leaving the guest-host until last to provide the newest developments in the fiekl. 

3.4.1 Fuliy-fitnctionaiized polymers 

One significant milestone in organk: photorefractive materials modified a 

photoconductive side-chain group to provide electro-optic function. The carbazole 

group, a functional group or moiety whk:h is historically important as a photoconductor, 

was used as a basis for polymer materials. Its structure is shown in Figure 3-1. 

Figure 3-1: The carbazole group. 

This form was attached to a polymer backbone to form a photoconductive 

polymer; some of the individual units had a tricyanovinyl group attached to include a 
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nonlinear optic effect [ 106,107]. The resulting structure is shown in Figure 3-2. Two 

forms of this material were described with different glass-transition temperature (7,). 

This form is a lower-T, form, an acrylate, while the high-F, form was a methacrylate in 

which the substituent hydrogen on the main chain was instead a methyl group. These 

forms differ in poling stability, the tower-7^ form lacking poling stability but being 

capable of easy poling in-situ. The electro-optic, photoconductive, and photorefractive 

characteristics of these materials were investigated. Diffraction efficiency on the order of 

10'^ was observed just below 50 V/^m applied electric field [106]. The grating writing 

process was observed to take many seconds. The limitations of efficiency were attributed 

to low photogeneration efficiency, while it was suggested that the speed was limited by 

k>w charge mobility. This paper envisioned molecular doping of photosensitizers to 

improve these parameters and thus to improve photorefractive performance. Another 

notable effort synthesized a number of functionalized conjugated systems and 

polyimides. Small gains were reported as poled systems, and gains of about SO cm ' were 

shown at 60 V/^m applied field [108]. Another group investigated functionalized 

structural polyimides and in corona-poled devices reported small gains -6-7 cm ' [109]. 

These are interesting in part because polyimides are pervasive in microelectronics 

fabrication; the prospect of hybrid optoelectronic/photorefnictive devices may be fiiiniled 

by such attention. The fiinctionalized-polymer approach has been used in a few other 

efforts, but the advantages [110] offered by the orientational enhancement mechanism in 
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low- Tg guest-host systems drew much attention away from this approach. This and other 

key developments will be described in the following section. 

C-CH 
m 

c=o :=o 

JCN 

CN CN 

Figure 3-2: Example of a fiinctionalized photorefractive material: functional side-
chain polymer with a tricyanocarbazole group. 

3.4.2 PartiaUy-functionalized systems 

There have been a few milestones in organic photorefractive materials where 

some functions were attached to a polymer backbone while others were added by 

molecular doping. One significant development involved a co-polymer of methyl-

methacrylate and 2-[(N-p-nitrophcnyl-N-methyl)] aminoethyl methacrylate (PMMA-

PNA), the latter a p-nitroaniline derivative which provided nonlinear optic function. This 

polymer was doped with diethylamino-benzaldehyde diphenylhydrazone (DEH) to 

provide transport This material provided grating formation in about one second at 1 

W/cm^ beam fluence, with a diffraction efficiency on the order of 10'^ [111]. 
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The same materiaJ was further explored through the addition of the fiillerene Cm 

as a photosensitizer. This produced marked increases in the photoconductivity, grating 

growth rate, and diffraction efHciency; a gain coefiHcient of 0.6 cm ' with an applied 

electric field of llV/pjn and IW/cm^ writing intensity was reported in two-beam 

coupling [112]. In part, the improvement was due to a simple increase in absorption at 

the operating wavelength of 647 nm, but it showed the utility of the sensitizer in that 

spectral region. This knowledge has been applied broadly in guest-host composite 

systems, as will be seen in the next section. 

Anotlier example of a nonlinear optic polymer doped with other functionalities 

used boron diketonate (BDK) as a sensitizer and tri-/»-tolylamine as a transport agent 

[113]. As a pre-poled material, diffraction efficiency on the order of 10'^ was observed 

below 35 V/p.m. Photogeneration efficiency of about 1% was shown by Onsager fits to 

data in the range of 30 to 130 V/^m electric fiekl. 

The first photorefractive polymer, the nonlinear optic polymer bisA-NPDA doped 

with DEH, was later shown to exhibit a measurable two-beam coupling gain of 0.33 cm ' 

at a field of 11 V/jim [114,115]. 

3.4.3 Guest-host polymer composites 

One of the reasons the guest-host approach has come to dominate the scene in 

organic photorefr^tive research is the matter of convenience. It is simply easier to 

introduce and test a number of factors when they arc not physically attached to each 
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other. Interactiotis must still be addressed, but this is a matter of good experimental 

design [116] and protection against systematic errors [117]. 

3.43.1 Progress in steady-state diffinaction efSdency, gain, and piiase stability 

By 1993, gain coefficients were being reported for some organic photorefractive 

materials, as mentioned in the preceding sections. In a guest-host system the observation 

of net two-beam coupling gain was reported [118]. The composite employed a hole-

transporting polymer, po]y-(N-vinylcarfoazole) (PVK), doped with 2,4,7 trinitro-9-

fluorenone (TNF) as a photosensitizer, both shown in Figure 3-3. The opticaUy nonlinear 

chromophore was 3-fluoro-4-(N,N-diethyamino)-P-nitrostyrene (F-DEANST). The 

diffraction efficiency exceeded 1%, grating growth time was on the order of 100 ms, and 

the gain coefHcient was shown to be >10 cm ' at an applied field of 40 V/^m and writing 

intensity of 1 W/cm^. The absorption coefficient was reported as 1.4 cm ', and thus there 

was a significant net gain. The of -40°C led to important observations about the 

nature of the index modulation. 

NO^ 

Figure 3-3: PVK, ECZ, and TNF molecular structures conunonly used in guest-host 
polymer systems. 

PVK ECZ TNF 



83 

The sudden improvement of diffraction efficiency by more than two orders of 

magnitude was explained by a mechanistic leap. While the classical view was that index 

modulation was achieved through pure electro-optic effects modulated by the superposed 

applied field and space-charge field, the explanation recognized that the chromophores 

themselves may be oriented by this field. The linear polarizability anisotropy results in 

index modulation which is enhanced [68] relative to the classic case. This so-called 

orientational enhancement is central to succeeding developments in the field. To observe 

this effect, orientational mobility of the chromophore is obviously required. Thus, the 7, 

must be near or below the ambient condition. As was shown in earlier analysis, a 

measure of this mechanism for a given chromophore is the product Aa, since the 

dipole moment determines the field orientability and the polarizability anisotropy 

provides the means of index modulation. When the term low-T^ photorefractive or 

orientational photorefr^tive is used, this is the origin of it. 

Such orientational photorefractive composites advanced in performance rapidly. 

In 1993, the group at the University of Arizona produced a low-T^ composite of PVK, 

using TNF as a sensitizer. To control the , the plasticizer/photoconductor N-

ethylcarbazole (ECZ) was included, and the chromophore 2,5-dimethyl-4-(p-

nitrophenylazo) anisole (DMNPAA) provided nonlinear optic function [119]. A 

diffraction efficiency approaching 100% (86% external) was reported at an applied field 

of 60 V/^m, as well as a net gain of >200 cm ' at an applied field of 90 V/^m [69]. This 

material was used to demonstrate its utility for dynamic holography, given its grating rate 
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of <500 ms [13]. This composite contained the chromophore at SO weight % (wt%) 

concentration, and there was a tendency for crystallization to occur with a degradation in 

optical quality. This necessitates research in the stabilization of solubility of 

chromophores in composite systems [120]. 

The issue of phase stabUity has been addressed since the photorefractive steady-

state performance has become so good. It is possible to engineer a composite which 

inhibits phase separation by including a mixture of isomeric chromophores. 

Improvements in stability were repotted in 1996 by using a chromophore family which 

forms organic glasses, which also provided some transport, and which served as a host 

material [121]. One study, following the important results just described in steady-state 

performance, used a eutectic mixture of two DMNPAA isomers [122], while another 

used a mixture of four related isomers of NPADVBB [123,124]. These trials did produce 

dramatic improvements in the stability of the materials with some detrimental 

performance effects. The latter study projected a lifetime as long as several years, and 

some samples remain which are still clear and usable after more than three years. The 

group at the University of California San Diego (now at Stanford University) used a new 

chromophore, 4-piperidinobenzylidenc-malononitrile (PDCST) with a different 

plasticizer, butyl benzyl phthalate (BBP) to make stable composites [125]. In the latter 

case, PVK was used as a matrix, with Qo as the sensitizer. The gain coefficient was 200 

cm ' at 120 V/^m, and a maximum diffraction efficiency of over 80% at 80 V/^m. 

Moreover, the response time was SO ms at 100 V/^m with writing intensity of 1 W/cm^. 

An approach applied in University of Manchester research was to add a racemic 
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(optically inactive) ethylhexyl group to a chromophore to increase its solubility in the 

conventional PVK/ TNF matrix [126]. The chromophore, l-(2'-ethylhexyloxy)-2,5-

dimethyl-4-(4"-nitrophenylazo)benzene (EHDNPB), did provide stability over months of 

use, even at a concentration of 55 wt%. Its diffraction efficiency was reported as 60%, 

with a two-beam coupling gain of 120 cm '. This approach was applied to a highly 

refined multi-fiinctional chromophore design which incorporated solubility, charge 

transport, and high electro-optic performance characteristics. The chromophore was 2, 

N, N-dihexylamino-7-dicyanomethylidenyI-3,4,5,6,10-pentahydronaphthalene (DHADC-

MPN). An initial experiment was performed using a conventional PVK host system, 

plasticized by ECZ, and sensitized by TNF. This resulted in a peak diffraction efficiency 

at an unprecedented 30 V/^m [18]. The response-time was on the order of a few 

seconds. This paper also introduced the use of the sensitizer (2,4,7-trinitro-9-

fluorenylidene) malononitrile (TNFDM), a TNF derivative which extends the 

photosensitivity of composites into the near infrared. In fiuther study of this 

chromophore, an inert matrix material composed of several different monomer types, 

which may enhance solubility, was chosen as a matrix. It is a commercial birefnngence-

free acrylic resin, OZ-1330, produced by Hitachi Chemical Company. Its general 

composition is poly(methyl methacrylate- co-tricyclodecyl methacrylate- co-N-

cyclohexyl maleimide- co-benzyl methacrylate) (PTCB). It was plasticized using 

diphenyl isophthalate (DIP), and sensitized using TNFDM. The result [102] was a net 

gain of 202 cm ' at 50 V/pjn and a peak diffraction efficiency of 28 V/^m This 

composite serves as a basis for some results presented by this dissertation, and is still the 
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state-of-the-art in dynamic range, /. e. index modulation per unit applied field. The 

chemical structures arc given in Figure 3-4. 

A comparable dynamic range was subsequently reported for a composite using a 

mixture of DMNPAA and another chromophore, amino-thienyl-dioxopyridine (ATOP) 

[127], but the gain was lower. A key limitation of the DHADC-MPN/PTCB-based 

composite was a slow response, on the order of seconds [128]. Also notable was the 

observation of beam fanning in these composites, a phenomenon in which scattered 

radiation is amplified or in which irradiance gradients cause deflection or distortion of 

beams [129]. It is important because it may lead to mistaken measurements of gain in 

high-gain materials due to improper accounting of energy; it is also interesting because it 

may be harnessed to effect self-pumped phase conjugation [130]. The effect was first 

reported in a PDCST:PVK:BBP:C6o polymer (described above) by the UCSD group 

[131] at about the same time, and has subsequently been explored in detail [132]. There 

are many examples of chromophores designed to incorporate fimctions beyond the 

nonlineai optic characteristics, but the examples just described are used as milestones. 
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Figure 3-4: The components of highly stable composites with high gain and 
dynamic range. Shown are the trifiinctional chromophore DHADC-MPN, the 
extended-response sensitizer TNFDM, the inert optical grade matrix polymer 
PTCB, and tte plasticizer DIP. 

Since many of the developments described here involve PVK as a 

photoconductive, hole-transporting host, a recent development in alternative transport 

materials bears mentioning. An electron-transporting photorefi^tive material was 

recently reported [133]. The polymer was a thioxanthene (P-THEA), and used 4-(N,N-

diethylamino)-P-nitrostyrene (DEANST) for nonlinear optic function. The 

photorefractive performance was enhanced somewhat over comparable PVK/ECZ/Qo 

composites, but its significance is more in proof-of-principle. This is of interest, in part. 
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becausc the dynamic effects of using an electron-transporting material may make it 

attractive in the future, due to different trapping effects and energetics. 

3.43.2 Addressing dynamic response 

As the diffraction efficiency and gain were advancing, there were also efforts to 

improve the speed of response. An early example attempted to improve the speed of 

response by using photoconductive host materials with greater hole mobility. In 1993, a 

host polymer poly(4-n-butoxyphcnylethylsilane) (PBPBS), the chromophore Coumarin-

153, and the sensitizer Cm were combined to obtain a mobility of -lO"* cm^/V-s at an 

applied field of 10 V/p.m [134]. This material had a diffraction efficiency of lO'* at an 

applied field of 16 V/^m, and a rise-time of 39 ms at an applied field of 11.4 V/^m with 

1 W/cm^ writing intensity. Though the efRciency was small, the response rate was the 

key result. It was found that the response rate is limited by the charge generation process, 

rather than mobility, in this composite. Remember that orientational response was not a 

consideration yet at the time these results were presented. 

An interesting foray into slow response was made by the IBM Almaden research 

group in 1994 in which long-term quasi-nondestructive readout of gratings was shown. 

This is mentioned in the context of improving response rate because it does provide 

information about the means of manipulating dynamics, and because such readout 

demonstrates principles important in applications such as holographic data storage. The 

material consisted of a poly-methylmethacrylate host, the nonlinear optic material 1,3-

dimethyl-2,2-tetramethylene-S-nitrobenzimidazole (DTNBI), and Cm as sensitizer. A 

diffraction efficiency of 7% and a net gain of 16 cm ' at 40 V/^m were reported [13S]. A 
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grating written over a ten-minute period, after which time the writing beams were 

removed, was shown to be stable over at least 24 hours, and was shown to be gated by the 

applied electric field. Finally, at very small probe intensities (-200 nW/cm^), the 

diffraction efHciency of the retained grating exhibited an increase over time, a 

phenomenon called grating revelation. 

Returning to efforts to increase the response rate, the present work of this 

dissertation began when a typical response-time was several hundred milliseconds, with 

best values around 50 ms [12S]. In 1997, a new polymer with very high drift mobility 

was used in a photorefractive composite with a two-beam coupling response-time of 7.5 

ms at 70 V/^im applied field [136], with a total writing intensity of 0.5 W/cm^. The 

polymer was synthesized by polymerizing tetraphenyldiaminobiphenyl (TPD) units with 

n-butyl acrylate to fonn the polymer designated PTPDac-BA2. The composite used 4-

(N,N-diethylamino)-^nitrostyrene (DEANST) as the nonlinear optic function, and was 

C^o-sensitized. In 1998, two-beam coupling response-times of 4 ms [95,96,98] were 

reported for PVK/BBP/C6(rbased composites containing a 4-homopiperideno-

benzylidene-malononitrile (7-DCST)^ or alkoxy-benzylidene-malononitrile (AODCST)^ 

chromophore. By comparing the intensity dependence of the response-time to that of 

sample photoconductivity, it was concluded that photoconductivity is the limiting factor 

in these materials. As significant as this leap in speed was, the race for speed has 

prompted efforts to understand the limitations of photorefractive dynamics in polymer 

^ The form of abbreviation foUows from the general family name "^cyanostyrene", with the prefix 
denoting the nature of the substituent added, rather than the lUPAC-conventional name. 
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composites. This setting is another aspect of the prior art improved by the present 

research of this dissertation, reported in the ensuing results. 

One possible limitation to dynamic performance is the orientational response of 

the chromophores in the surrounding matrix. Observing performance through composites 

of varied Tg of [137] or a variation of the temperature of observation of a single 

composite may be used to gain some insight into the process. However, these approaches 

may be confounded by ancillary changes in photogeneration or transport. Direct 

observation of the component processes is the preferred path. In one instance, transient 

four-wave mixing experiments were used in combination with frequency-domain 

ellipsometry to estimate the charge mobility, with the conclusion that photogeneration 

and mobility improvements were important to increase speed [138]. A study of grating 

erasure dynamics led to similar conclusions [139], specifically attributing limitations in 

erasure speed to the space-charge dynamics rather than to the re-orientation limit. 

A recent improvement of understanding was made by varying the ionization 

potential ( /^) of a family of chromophores related to PDCST, shown in Figure 3-5, and 

observing the effects in a PVK/ECZ matrix sensitized by TNFDM or Cm. Measurements 

were conducted of photoconductivity, photogeneration efficiency, and response-time [97] 

and correlations to were observed. This serves as a basis for another aspect of the 

present work presented in the results of this dissertation. 
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Figiiie 3-S: The PDCST chromophore and the fiillerene Qo sensitizer used as the 
basis for photoconductivity, photogeneration, and response-time studies. 

Succeeding work has resulted in qualified reports of faster response-times. Using 

another photoconducting host, poly-(9,9'-dioctylfluorene-co-N-(4-butylphenyl)-diphenyl-

amine) (TFB), a 1-ms response-time was reported at 76.5 V/^m applied electric field 

[140], though the writing beam intensity in this case was 1.44 W/cm^. The composite 

also contained diisooctylphthalate (DO?) as a plasticizer, DMNPAA as the chromophore, 

and Ceo ^ sensitizer. The key contribution of this report may be the suggestion of a new 

inverse-Laplace transform analysis method, CON TIN, in addition to the typical time-

domain fitting of data to resolve the components cf the dynamics. This may provide a 

more robust way to characterize the transient photorefractive behavior of materials, and 

to identify structure-property relationships by characteristic frequency. It is important as 

reports of increased speed emerge that the conditions be scrutinized carefully, since the 

illumination conditions, the electric field component in the sample Him, and other factors 

may have dramatic effects on dynamics. 
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3.5 Summary of existing art and relationship to present work 

As this dissertation research began, the steady-state difii^tion efficiency had 

been developed to nearly 100% at 61 V/^m applied electric field, and a diffraction 

maximum was observed at applied fields as low as 28 V/^m. Net gain of greater than 

200 cm'' was observed in a number of guest-host composites at fields as low as 50 V/fim. 

Typical grating formation response-times were on the order of 100 ms, and the 

understanding of the limiting processes in dynamic response was in its infancy. The 

shelf-life of composites was being improved to levels where it was no longer a critical 

limit to application, but working lifetime had not yet been addressed seriously. Issues of 

industrial processing were only discussed in ideal terms, with no concrete demonstration 

reported. 

The present work of this dissertation has been mentioned at several points in the 

preceding discussion, as the appropriate departure points were passed. Next we will look 

at the experimental techniques to obtain results, including improvements made to existing 

setups which enabled new and unprecedented results. Thus, those results will be 

presented with a clear background in the analytical aspects of photorefractive materials, 

the historical development to the current state-of-the-art, and the techniques used to 

distinguish new and improved performance. 
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CHAPTER 4 EXPERIMENTAL TECHNIQUES 

The results presented in this woik were obtained by techniques which have 

evolved to accommodate the improvements in materials. Though the principles have not 

changed, the dramatic improvements in response-time in the last few years have 

promoted requisite changes in the characterization techniques of photorefractive 

polymers. In this chapter, we will describe the sample preparation process and the 

measurement of linear absorption, as well as experiments to evaluate photorefractive 

performance. The latter involve traditional field-dependent, quasi-steady-state 

measurements of the diffraction efficiency in four-wave mixing and the gain in two-beam 

coupling. However, the key results to be reported depend heavily upon the use and 

improvement of transient techniques. We will examine the improvements instituted in 

transient four-wave mixing measurements of response-time and describe the technique of 

transient ellipsometry which gives insight into the orientational response of the 

chromophores in photorefractive composites. Further, the development of experimental 

techniques for low-level direct-current dark conductivity and photoconductivity 

measurements, and the future application of such measurements, will be introduced. 

4.1 Sample preparation 

The samples are generally composite materials with several components. The 

matrix material is usually a powdered or granular solid. Plasticizers may be either solid 

or liquid, though solid materials are most commonly used. The chromophores and the 

sensitizers are solids, as well. Since the constituents may contain other reaction products 
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or general contaminants, they are often purified. The simplest technique is precipitation 

by differential solubility. The material is dissolved in a solvent, then dripped or mixed 

into another solvent which has poor miscibility with the desired material, but which wUl 

dissolve the contaminants. Suspect materials may also be recrystallized or run through a 

chromatographic column to improve purity, but these techniques arc more specialized 

and are beyond the scope of this work. 

To make the composite, assuming we have the input materials, the components 

are combined in a solvent to allow thorough mixing. Often the sensitizer is pre-dissolved 

in a solvent to disperse it better and to make dispensing a relatively small amount of it 

easier; sensitizer content is typically 1 wt.% or less. The solution of components is 

filtered using a 0.2 ^m disposable filter, then put in a flask and stirred, often using a 

magnetic stirrer with a stirring bar in the solution. Mixing may be done for hours to days, 

depending upon the specific material system. Once the solution is adequately mixed, the 

solvent is removed. A rotary evaporator is used to remove the bulk of the solvent, 

because this allows the application of both heat and mild vacuum to speed the process. 

The rotation is used to control boiling so the solids are not turned to foam. When the 

material is dry enough to be rather solid, it is removed from the evaporator and drying is 

completed in a vacuum oven at higher temperature and vacuum. The product of is then 

extracted from the drying flask and placed between two sheets of glass. This is placed on 

a hot plate and brought to a temperature which makes it viscous, but not liquid. The 

plates are then moved relative to each other so the solid is mixed by a shearing action. 

The material is often quenched by contact with a cool plate to preserve its amorphous 
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state after mixing. The solid mixing process may be repeated to further promote 

homogeneity. The result is a thin cake of material which may be used to make devices. 

Once the cake is ready, it is cut into small sections for sample fabrication. The 

material sections just described are placed on two small glass substrates with indium-tin 

oxide electrodes facing upward. Small glass beads, suspended in a silicone vacuum 

grease to hoki them in place, are used as spacers to ensure the thickness of assembled 

samples; a few small dots of this spacer-grease are applied around the edges of the 

sample area. The two halves of the sample are then placed on a hot plate to allow the 

material to approach its flow temperature. When the material is flowing onto the 

substrate, the two halves are then pressed together. Care is required to exclude bubbles 

when joining the halves of the samples. The edges of the sample are sealed with epoxy to 

protect the composite film from environmental factors such as moisture absorption, as 

well as to make them more robust in handling 

4.2 Optical properties ciiaracterization 

Though the linear absorption of samples may seem an ancillary issue to 

photorefractivity, and indeed it is often treated as such, it is an important part of a 

systematic characterization. Simply put, linear absorption is a necessary first step in a 

conventional photorefractive process, as discussed earlier. The location of absorption 

maxima is an important design feature, since you must use a writing source which is 

absorbed to some extent. The knowledge of the sample losses at the writing wavelength 

is important to allow calculation of the optKal power being delivered to the sample film. 

Also, Fabry-Perot resonances of the cavity formed by the indium-tin-oxide sample 
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electrodes allow verification of the thickness of the sample film, which is important when 

one wishes to extract information about the concentration of a chemical species 

spectroscopically. Some results presented later depend on such measurements. The 

measurement of refractive index is also needed to accurately determine the grating 

parameters in a film, and a brief description of this method is included for completeness. 

4.2.1 linear absorption 

Linear absorption measurements may be done using a stable source with a good 

detector. The bandwidth of the source determines the resolution of the resuking 

measuremenL If one wants to know only the absorption of the 633-nm helium-neon laser 

wavelength, a valid measurement can be made by simply looking at the amount of light 

transmitted from your laser to a detector with and without a sample present. This will 

provide a transmission factor which accounts for reflections at interfaces and absorption 

in materials. If one wishes to isolate the absorption due to one component of the sample, 

then a better method may be to buiki samples with and without that component, measure 

the transmission of each, and compare those measurements. It is still a measurement by 

substitution, but a slightly more sophistKated one. 

In most cases, we want to know the absorption through a range of wavelengths. 

For this, we need to scan the detector, the source, or both, through a such a range of 

wavelengths. This is the function of a spectrophotometer. In the measurements we 

discuss, we have used a Gary SG spectrophotometer. It uses broadband sources and 

detectors in conjunction with monochrometers to provide a high signal-to-noise ratio with 

control of the bandwidth and resolution used in the measurement. To allow precise 
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comparison of two samples, there are two arms. One is used as a reference path, while 

the other is used for measurements. The reference path, however, is often simply air. 

There are various types of sample fixtures with apertures for controlling the beam sizes, 

or sleeves for liquid-containing cuvettes. It is generally important to use similar fixtures 

in the two sample paths, even if there is not a reference sample in the reference path. The 

Gary SG allows calibration of the full-scale (100% transmittance) and baseline (0% 

transmittance) values, which improves accuracy, as well. The results are generally 

recorded as either transmittance values, where transmittance is given by 

7=^=^,  (4.1)  
 ̂meidmt 

or by absorbance A, which is given by [141] 

A=£dc = -\o%iQT 
JI = ad logioe 

where e is the molar absorptivity (usually L-moP' - cm''), d is the sample thickness in 

centimeters, cis the concentration of the absorbing species in moles per liter, and a is 

the absorption coefficient in cm '. This relationship, the Beer-Lambert law [142], is used 

to determine the density of an absorbing species in a sample, given a known molar 

absorptivity. It should be noted that the absorbance is also called optical density or 

simply OD, and that the molar absorptivity is also known as the molar extinction 

coefficient. The relationship to absorption coefficient is given bccause it is commonly 

used in physical literature, while the extinction coefHcient is used more in chemistry 

literature. The connection is often the source of confusion. 
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4.2.2 Extraction of sample thickness from linear absorption data 

When measuring the linear absorption in a wavelength range where the indium-

tin-oxide electrode coating is fairly reflective, but the film is rather transparent, a small 

periodic variation in the absorbance signal is often observed. This effect due to the 

Fabry-Perot cavity resonances may be used to estimate the film thickness, </, by the 

relation 

d = (4.3) 
2n(A_) Ak 

where is the center wavelength of a resonance. AA is one period of the resonance, 

and n(A^,r)is the refractive index of the film at the center wavelength. The effect is 

generally most pronounced in the spectral range from 1.3 to 1.5pjn. Averaging over a 

number of periods is used to reduce the uncertainty of the result. 

4.2.3 Refractive index measurement 

For a thin-film sample, substrate-mode coupling is a simple and accurate means 

of determining the refractive index. It relies on the dependence of the angle of total 

internal reflection upon the film index [143]. Our measurements are largely automated 

by the use of a Metricon 2010 prism coupler. It allows refi^tive index characterization 

at several discrete wavelengths, including 633 nm, 830 nm, 1300, and 1550 nm. Results 

are generally repeatable through at least 3 decimal places, more than sufficient for the 

calculations of grating characteristics described throughout this work. 
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4.3 Photorefractive characterization 

Since the focus of this woric is the phenomenon of photorefi^tivity, the direct 

measurement of photorefractive effects is central to all results we report. Several 

techniques have been used to characterize photorefractive polymers, providing 

complementary information on different aspects of the photorefractive performance in the 

materials. In this section, we will examine the means of deteraiining the diffraction 

efficiency of photorefractive gratings by four-wave mixing and the beam-transfer gain by 

two-beam coupling observations. We will describe transient four-wave mixing methods 

which allow observation of grating formation dynamics in state-of-the-art photorefractive 

polymer devices. Finally, the acquisition of conductivity information will be discussed, 

both in transient experiments and in stand-alone steady-state experiments; this may 

provide insight into the transport processes underlying the photorefractive behavior we 

observe in the other experiments. 
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4.3.1 Four-wave mixing geometry 

The four-wave mixing process involves the production of a grating in a 

photorefractive sample by two-beam interference of two strong writing beams, and the 

probing of the grating so written by a weaker third beam, appropriately called a probe 

beam. In all experiments, the wavelengths of the writing beams and the probe beam are 

identical or close enough to avoid serious de-tuning of the probe beam from the Bragg 

condition. The geometry of this interaction is shown in Figure 4-1. 

Figure 4-1: The four-wave mixing geometry. 

The sample film is sandwiched between two glass sheets coated with indium-tin-

oxide electrodes. Bias is applied via the latter electrodes. The two writing beams are 

incident from one side of the sample. The bisector of the two writing beams forms an 

angle y/ with rcspect to the surface normal of the sample. Each writing beam is also 

displaced from the latter bisector by an angle 0; that is, the writing beams arc separated 

probe beam / 



101 

by an angle 2B. The probe beam counterpropagates with respect to the writing beam 

which makes the smaller angle with the sample surface normal, which for convenience 

we call beam 1. The part of the probe beam which is transmitted undiffracted continues 

along the path counterpropagating with writing beam 1 after passing through the sample; 

the part diffracted by the grating will correspondingly counterpropagate with writing 

beam 2 after passing through the sample. 

4.3.2 Two-beam coupling geometry 

Figure 4-2: The two-beam coupling geometry. 

Two-beam coupling is the process of interaction of two beams in a 

photorefractive medium in such a way that an exchange of energy is observed between 

them. It is used to verify the photorefractive nature of gratings observed in four-wave 

mixing, and it provides additional information used to understand the properties of 

composites. The writing beam geometry is the same as in four-wave mixing 

writing 
beam I 



102 

experiments. The key difference is that there is no probe beam present, as indicated by 

the arrows in Figure 4-2. The two-beam coupling measurement may be called self-

probing because it uses the transmitted writing beams themselves to characterize the 

process. Thus, the beams involved are the incident writing beams and the transmitted 

ones. The latter are monitored in the experiment. 

4.3.3 Beam geometry in the sample film 

These experimental geometries have been described in terms of the orientation of 

the sample and the beams outside the photorefractive film to be studied. For the purpose 

of data analysis, let us adopt a nomenclature for the beam geometry inside the sample 

film. In Figure 4-3 the important quantities are identified. The coordinate axes shown 

are the laboratory axes, which are the natural coordinates of the optical table, sample 

stage, and so on. The writing beam angles in the film are indicated by a, and 

grating vector K is normal to the planes of the grating and to the writing beam bisector 

in the film; it forms an angle <p with the z-axis. 
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Figure 4-3: Beam geometry inside the sample film showing the orientation of the 
grating vector, K, and the beam angles a, and relative to the laboratory z-axis. 



104 

4.3.4 Fouf'Wave mixing and two-beam coupling equipment 

The sample geometries just described, in conjunction with the sample refractive 

index and thickness, completely specify the essential parameters of the grating written in 

the experiment. This geometry is realized in the laboratory as shown in Figure 4-4. 

Ml 

RWPl 
i.a 

FDl 

M6 LS B81 
n» 

M2 BS2 
L3 L4 MS LI 

M4 

L2 BWP2 
M3 PD3 

Figure 4-4: The equipment configuration used in four-wave mixing and two-beam 
coupling experiments. 

Let us follow the source path to examine the configuration of the experiment. 

The polarized helium-neon laser is used as the writing beam in most cases, though a laser 

diode may also be coupled into the main beam supply path to do experiments at other 

wavelengths. The half-wave plate, HWPl, is used to rotate the polarization of the laser to 

control the ratio of power between the two writing beams, as will be shown downstream. 

The mirror Ml is used to get the beam into a 45° angle relative to the '^naturaT' table 

coordinates. The pellicle beamsplitter BS1 removes a portion of the supply beam to use 
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as the probe. At the polarizing beam splitter PBS2, the supply beam is divided into the 

two writing beams. In four-wave mixing, the half-wave plate HWPl mentioned earlier is 

adjusted to provide equal powers in the two writing beams obtained by PBS2; for two-

beam coupling, the beam powers are often set to some small integral ratio between 1; 1 

and 10:1. The mirrors M2 and M3 send the two writing beams in roughly parallel paths. 

By positioning a 45° half-wave plate at either the HWP2 or the HWP2' position, we 

obtain 's' or 'p' polarization, respectively, in both writing beams. The beam splitters 

BS2 and BS3 move the writing beams towards the center axis between them, and provide 

a means to pick off the counterpropagating beams of the probe system. The lenses LI 

and L2 focus the writing beams in the front focal plane of the front sample lens L3, so the 

beams approximate plane waves in the rear focal plane of the sample lens, where the 

sample is situated. The mirrors M4 and M5 are on stages which allow control of the 

space between the writing beams, resulting in fine control of the angle between the beams 

in the sample plane. After the writing beams pass through the sample, lens LA again 

brings them parallel to each other. For two beam coupling experiments, these beams are 

sent to detectors. 

Consider now the probe path which is created by the reflection at BSl. A 

polarizer is inserted to control the probe polarization state. A lens L5 is used to provide 

plane-wave illumination in the sample plane in the same way described for the writing 

beams. The mirror M6 provides an adjustment degree-of-freedom to ensure that the 

probe and writing beam counterpropagation condition is optimized. The mirror M7, in 

symmetry with mirror M5, is mounted on a stage to allow the probe to counterpropagate 
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with writing beam 1 as MS is moved to change the writing beam spacing. Thus, the 

transmitted probe signal is relayed by mirror MS and beamsplitter BS3 to detector PD4. 

The diffracted probe signal passes by mirror M4 and beamsplitter BS2 to detector PDl. 

The probe path is also used to transmit writing beam 1 to detector PD2 in two-

beam coupling experiments. In this case the pellicle beamsplitter, BSl, and the probe 

polarizer are removed, and the chopper is placed so that both writing beams are chopped. 

The writing beam 2 signal is passed to detector PD3. All detector signals arc chopped to 

allow synchronous detection using lock-in amplifiers. 

For most experiments, a standard geometry is used to allow comparison of new 

results to historical results. The tilt angle, 4', is generally 60°. The writing beam offset 

from the centerline is ISmm, and the lenses L4 and L5 have focal length 83.G mm, 

resulting in a half-angle 9 between the writing beams of 10.24°. For four-wave mixing, 

the writing beams are set to 's' polarization and the probe to 'p' polarization. This 

provides the highest possible diffraction efficiency, and prevents interference between the 

probe and writing beams so that the probe is simply measuring rather than participating in 

the grating formation. The probe is also kept at a fluence much lower than that of the 

writing beams. For two-beam coupling, the writing beams are usually in 'p' polarization, 

allowing comparison to the four-wave mixing values which are probed by a 'p'-polarized 

beam. Writing beams are about 600 p.m in diameter in the sample plane, taking the limit 

as the e~' irradiance level, while the probe is about SOO ^m in diameter so it will underfill 

the grating area. 
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4.3.5 Field-dependetU steady-state tests 

These tests are conducted by applying the appropriate beams to the sample and 

ramping the applied direct-current potential on the sample through a range of values in 

small steps. This is generally done slowly, relative to the grating formation time, to 

provide steady-state values at each step in applied voltage. After each step in applied 

potential, time is allowed for the lock-in amplifier measurement to settle. The use of 

chopped signal beams and the synchronous detection of the lock-in amplifiers provides 

better sensitivity, which is very useful when the signals are small or noisy. 

These measurements are controlled by a computer program written in LabView, a 

product of National Instruments. The bias is applied using a Glassman High Voltage 

model EH-20P05.0 power supply controlled by its analog input, which is in turn 

connected to an analog output on a National Instruments AT-MIO-16L-9 analog/digital 

interface board in the computer. The lock-in amplifler readings are acquired by analog 

inputs. All timing is controlled by the LabView program and by the internal timing of 

the interface board. The time constants settings of the lock-in amplifiers arc set to a 

value which allows adequate time for the settling of measurements after each step in 

voltage, while integrating over a long enough time to provide reasonable noise immunity. 

The specific aspects of the four-wave mixing and two-beam coupling techniques follow. 

4.3.5.1 Steady-state four-wave mixing measurements 

This is the central test method for photorefractive evaluation. It provides the best 

way to align and optimize a sample for characterization, and provides important 

information in its own right. When a sample is inserted, the overlap of the writing beams 
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is adjusted by moving the sample stage along the sample lens axis and across the sample 

lens axis. Once the writing beams appear overlapped in the film, the probe beam is 

adjusted to counterpropagate with respect to writing beam 1 using the mirrors in the 

probe path. This can be set near enough to the optimized value to obtain a diffracted 

signal in most cases by checking the coincidence of the probe and writing beam 1 using a 

card before and after the sample lenses. Finally, the signal level is optimized by appljong 

appropriate bias to the sample and watching the diffracted four-wave mixing signal as the 

final probe mirror lateral position, lateral angle, and vertical angle arc adjusted cyclically 

for several iterations. 

This provides a sample and beam placement which is ready for succeeding 

measurements. The steady-state four-wave mixing characterization consists of 

monitoring the transmitted probe and dif&acted probe signals as described briefly earlier. 

Generally, the writing beams are 's'-polarized, and the probe beam is 'p'-polarized. This 

provides the highest interference visibility while minimizing interaction between the 

probe and writing beams. The bias is typically swept from 0 to 8 or 10 kV over a period 

of 2 to as much as 60 minutes. The choice depends on the sample characteristics. The 

data are analyzed to determine the diffraction efficiency by observing the depletion of the 

transmitted beam. There are two common ways of reporting such results, the internal and 

the external diffraction efficiency. The internal efficiency, simply the ratio of 

the diffracted probe energy to the total transmitted energy, 

11.,^= (4.4) 
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This value does not remove losses due to absorption, scattering, or reflections. The 

external efficiency is the ratio of the diffracted probe energy to the mcident energy. 

We generally refer to the energy lost by the transmitted probe beam rather than 

directly to the diffracted energy. Otherwise, we must cross-calibrate the detectors and 

account for all optical losses between the sample and each detector. In this way we 

assume that the energy lost by the transmitted probe beam is gained by the diffracted one 

or by a variable absorption. The latter approach is more practical and is perfectly suited 

to most situations. 

To determine the functional form of refractive index modulation of the grating, a 

simple form of the Kogelnik equation for the diffraction efficiency of a thick slanted 

phase transmission grating is employed. 

where a and A are fit parameters which are assumed constant, An is the index 

modulation, and is the applied electric field. The four-wave mixing data obtained 

by varying the applied electric field are fitted to provide the electric field dependence of 

the index modulation. The quantitative index modulation may be extracted using the 

Kogelnik relation for the parameter B 

(4.5) 

(4.6) 

(4.7) 
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where a peak in efficiency will result when ^ occurs, the entire 

Kogelnik expression for diffraction efficiency must be used to determine the value by 

fitting. This practice requires caution since fit results of a sine-squared function over a 

domain less than in span are particularly subject to error. 

4.3 .̂2 Steady-state two-beam coupfing measurements 

While the four-wave mixing setup is an excellent means to explore 

photorefi^tive gratings, as well as a good means to align and optimize a given sample, 

the two-beam coupling measurement is critical to verifying the photorefi^tive origin of 

those gratings. The coupling verifies the shift of the grating relative to the writing beam 

interference pattern, as described earlier. 

To conduct an experiment, the bias applied to the sample is varied just as it is in a 

four-wave mixing experiment. Instead of applying the probe beam and observing its 

diffraction, the intensities of the transmitted writing beams are measured. Generally, the 

writing beams are 'p'-polarized, which allows comparison of these results to the 

corresponding four-wave mixing results which used a 'p'-polarized probe beam. The 

data are analyzed to determine the gain coefHcient by observing the energy exchange 

between the writing beams. The energy exchange is characterized by the ratio of each 

beam's intensity to its intensity in the absence of the other, often denoted by / as shown. 

r, (4.8) 
'•L=o 
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(4.9) 

The denominator quantities are obtained by conducting scans like two-beam coupling 

runs with each beam blocked in turn. Having obtained these curves, the gain coefficient 

curve may be calculated by the equation 

where is the sample thickness and a, ,(X^ are the angles of the two beams with respect 

to the sample normal inside the photorefractive film. 

The direction of the energy transfer depends on the direction of the applied 

electric field. Reversing the bias changes the sense of energy transfer. The extent to 

which the transfer is synunetrical with the reversal of bias may be important. In high-

gain materials, for example, a phenomenon known as beam-fanning may occur. It is a 

field-dependent process whereby scattered hght beams within a sample are amplified by 

the same coupling process we are discussing. The process is not symmetrical for the 

slanted geometries used in photorefractive polymers devices, and is a parasitic process in 

most cases. It may lead to mistaken estimates for the gain coefficient, which warrants 

some awareness of it. 

4.3.6 Transient Measurements 

It is in transient measurements that techniques have developed most in the last 

few years. This has been necessary to accommodate the advances in material response 

rate which have been found. In 1997, a grating response time of 100 ms was considered 

r = ̂ [cos(£r,)bi(y,)-cos(aj)ln(y2)] , 
a 

(4.10) 
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reasonably fast. In that time frame, the transient response was characterized by setting 

the bias to a fixed value with one or both writing beams blocked, and acquiring data 

using the lock-in amplifiers as the beam or beams were unblocked. With the LabView 

code used for the steady-state measurements, the resolution was limited to about 10 

ms/point at best. New approaches were explored to improve the time resolution of four-

wave mixing measurements, and those will be discussed. Because our first materials 

with response in the millisecond regime exhibited low gain, the effort was largely 

confined to the four-wave mixing technique, but some observations on other transient 

techniques will be made. 

43.6.1 Transient four-wave mfadng 

In these experiments, the grating formation process is observed at a constant 

applied bias as the photorefractive process is initiated by turning on the writing beams. 

Usually, one beam is applied in advance, then the sccond is applied as data acquisition 

proceeds. To resolve a few tens of milliseconds, it was necessary to move from lock-in 

amplifiers to a transient digitization technique. A suitable digitizing oscilloscope was 

obtained to resolve sub-millisecond features and provide dense data in the millisecond 

regime. The first attempt to resolve response in a single-digit millisecond mode involved 

switching one writing beam with a mechanical shutter. The shutter presented two 

problems: 

1. Its motion was slow enough that it took a significant time to cross the beam 

2. It produced a great deal of acoustic noise manifest as a noisy signal 
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The first problem was reduced to insignificance by putting the shutter at the beam waist 

in an afocal relay. The second problem was attacked by surrounding the shutter and 

sample area with high-density foam, and by putting rigid absorbing baffles in the way. 

Neither had a serious effect on the signal quality. The shutter was moved farther away 

from the sample with a minor improvement in the signal In the practice of expbring this 

issue, it became obvious that the detectors, previously used only in synchronous mode, 

were unsuitable for direct-ciurent coupled measurement because they had poor low-

frequency response. A new detector with flat response in>m 0 to about 100 kHz was 

obtained to prove the concept. Finally the shutter was mounted by suspending it from 

above rather than mounting it to the optical table. This allowed some noisy first glimpses 

of transient response in the ten-millisecond range. 

To remove the acoustic noise issue, a Pockels cell was obtained to set up a beam 

switching device. Referring to the system diagram. Figure 4-4, the beam 1 half-wave 

plate, HWP2, was replaced by the Pockels ceU and an output polarizer to guarantee a 

linearly polarized beam. The Pockels cell bias was provided by a Matsusada model 

HEOPT-IOBIO high voltage amplifier whose control input is connected to a Hewlett-

Packard 8116A pulse/signal generator. The signal generator is triggered by a digital 

output from the computer to output a control voltage of 4.2 V to the high voltage 

amplifier, corresponding to a Pockels cell kI2 voltage of 4.2 kV. The signal generator 

is used in external-width mode to allow the computer to control the total wkith of the 

control pulse, since the internal control is limited to a maximum of 999 ms. The shutter, 

mounted by suspension near MI, is used to open the entire supply beam to the rest of the 
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table under computer controL It provides control over the total exposure of the sample to 

beams which is useful in some studies, and enforces a repeatable pre-exposure to a single 

writing beam before the second beam is applied. This is important because it has an 

influence on the available free charges at the time writing begins. The final improvement 

to the technique involves using a separate probe and writing sources. This eliminates 

interference between the probe signal and any scattered writing beam energy which gets 

into the detector path. This is accomplished by removing the pellicle beamsplitter and 

using a mirror in the probe path between the pellicle position and the probe polarizer to 

couple in the second source. A Hitachi HL6312G or Sanyo 6038-033 63S nm laser diode 

is used. 

Having described the evolution of the transient four-wave mixing equipment, let 

us now discuss the measurement sequence and the control program used for it. A 

Lab View program was written to provide the necessary control and data acquisition 

functions. The code for steady-state four-wave mixing is used to verify the sample 

alignment as described eaiiier, and it is also used to provide the fixed bias to the sample 

for transient measurements. A separate application is best because it allows the bias to be 

shut down quickly even if the transient acquisition program is busy. The chopper is 

switched off and checked to make certain it does not block the probe beam. The shutter is 

switched to normally-closed mode, and the detector cables are moved to the proper inputs 

on the oscilloscope. After these manual changes, the rest of the measurement is done 

automatically. A flowchart of the basic operation is displayed as Figure 4-S. When the 

routine starts, it reads the variables from the front panel which control the oscilloscope 
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functions such as timebase, channel scales, and trigger sense. It also latches in the user 

supplied values for the delays which determine the actions of the shutter and Pockels cell 

The proper setup commands arc formatted and sent to the oscilloscope. A digital line is 

toggled to open the shutter using the computer input/output board; this line also triggers 

the oscilloscope acquisition. At this point, one writing is on the sample. After a suitable 

programmed delay, another digital line is toggled to switch the signal generator which 

results in the high voltage amplifier biasing the Pockels switch to the transmitting state. 

This commences the grating writing process. After the desired observation time, the 

Pockels switch is turned off, another delay is allowed before closing the shutter. 

Ensuring that the scope is ready, the data are requested by the computer, read back to the 

computer, converted into a form useful for analysis, and displayed on the screen. The 

user is prompted to save the data, which are saved in real units of time and voltage rather 

than normalized or scaled values. 

The data are typically analyzed by fitting to a time-domain form of the equation 

used for steady-state data as shown by 

Tj=Asin^[B i l -me- '" '  (4 .11)  

Where the form of the index modulation is a biexponential function which will be 

described further in the electro-optic characterization section. 
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Figure 4-5: A flowchart of the transient four-wave mixing program. 
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As the physics of fast photorefiractive composites were explored, the role of 

transport processes in dynamic response needed to be investigated. As a result, the 

transient acquisition of the sample current was added to the previous scenario. A resistor 

substitution box was placed in the path between the sample and the power supply ground. 

A pair of parallel 3.1 V Zener diodes was placed across the terminals, in parallel with the 

resistance, to protect the measuring instrument as shown in Figure 4-6. 

Figure 4-6: Transient photocurrent measurement and protection circuit. 

The current passing through the sample was thus converted to a photovoltage, 

which was connected to a second oscilloscope. The resistance was typically set in the 

range from 10 to 100 k£l Two Zener diodes were used for redundancy, since a sample 

breakdown could cause an open circuit condition in this shunt otherwise. The 

coordination of the four-wave mixing measurement just described with this measurement, 

using two oscilloscopes, was accomplished with two different LabView programs. The 

additional program for the second oscilloscope operates by user intervention to ensure the 

proper sequence of events. Figure 4-7 is a flowchart showing the coordination of the two 

routines. The transient four-wave mixing flow is identical The code to control the 

sample 

oscilloscope 
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second scope (TEK TDS410) is enclosed in the dotted outline. The dashed connector 

lines indicate controls by the observer. The ancillary scope, the Tektronix TDS410, is 

used to monitor current, and its program panel has a start button to initialize it. This must 

be done before the transient four-wave mixing program for the HPS4S10 scope is started. 

When the TEK scope is ready and waiting for a trigger, the user then starts the transient 

four-wave mixing panel as usuaL This code runs as described before. Once the four-

wave mixing data are saved, the user then uses a button on the TEK program panel to 

request that it send data. Its data is then read, displayed, and saved. Though this process 

sounds complex, it replaces a manual setup of the second scope and saving of the data on 

floppy disks. This process is much £ister, and problems with file identification on the 

floppy disks. 

The observation of these two pictures of photorefractive performance 

simultaneously has advanced the knowledge of process dynamics, as well as the fatigue 

process in photorefractive composites. This will be discussed further as part of specific 

results. The development of steady-state low-current conductivity measurements will 

also be discussed later in this chapter. 
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Figure 4-7: Flowchart of the simultaneous transient four-wave mixing and sample 
current measurement. 
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4.4 Electro-optic characterization 

If one has characterized the transient photorefractive performance of a composite, 

it is appropriate to question the relative roles of the component sub-processes in that 

overall performance. The simultaneous four-wave mixing and current measurement 

approaches the charge transport issues. Steady-state measurements provide some 

information about the space-charge field formed. To find out how the electro-optic 

response figures in the overall performance, the transient characteristics of elcctro-optic 

response need to be measured independent of photorefractive response. Transient 

ellipsometry is a simple and convenient way to compare this component of 

photorefractive response to the overall response. 

4.4.1 Transient eiUpsometry 

In this experiment, the sample is poled while watching a beam transmitted 

through it. By tilting the sample, a field-induced birefringence may be observed in the 

process. Enclosing the sample in a polarizer-analyzer aUows this birefringence to be 

observed as a change in the transmitted illumination. To illustrate the configuration, 

consider Figure 4-8. The tilt of the sample is given by the angle 4^. Given the ordinary 

and extraordinary refr^tive indices rio and the effective indices of the 's'-polarized 

light and the 'p'-polarized component are given by 

/!,=«„ (4.12) 

,3^ 
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For the case in which the polarizer angle, O, and analyzer angle, <I>, are ±45°, the 

transmitted intensity will be modulated according to the relation 

and is the sample thickness. The key element of the experiment is that the transmitted 

signal can be related to the field-induced birefiringence. In practice, a Soleil-Babinet 

compensator is inserted into the polarizer-analyzer so that the phase between the two 

components may be adjusted. By finding the minimum and maximum signal levels as 

this phase is adjusted, the optimum phase can be set near the middle of the range to 

approximate linear response of the transmission to the birefringence variation. Of course, 

since the functional form is known, the response may also be extracted outside the linear 

regime. Given this principle, the experimental technique will now follow. 

/ =/oSin^(5) , (4.14) 

where 

XcosCV) ' ' 
(4.15) 
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Figure 4-8: EUipsometry geometry. 

Using the same LabView program which was described for acquiring the sample 

current previously, transient eUipsometry data are acquired as foUows. As suggested by 

the diagram, the sample is in a polarizer-analyzer at ±45°. A detector is positioned in the 

transmitted beam of the analyzer, and connected to the oscUloscope. The oscilloscope is 

triggered by the trigger output of the pulse generator. The pulse generator controls the 

output of the Matsusada high voltage amplifier. This source provides the poling bias to 

the sample. A Soleil-Babinet compensator, also inside the polarizer-analyzer, is used to 

set the output signal into the linear range while the scope is fiiee-running with the poling 

field off. The scope trigger is armed, and the pulse generator is enabled. As the pulse 

generator sets the high-voltage supply, it triggers the scope, which acquires a transient 

signal of the throughput of the system. This signal provides the information desired 
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about the electro-optic transient response of the photorefractive device. The data are 

generally fitted using a biexponential form in time as 

/ = /o (1 - me-'"' - (1 - ) (4.16) 

where lo is the baseline intensity, m is a weighting factor, and ti and t2 are the two time 

constants fitted. Notice that this function has the same form as the argument of the sine 

described in the transient four-wave mixing experiments. Both are proportional to the 

refractive index modulation in time, and this is used for relating the two quantities. 

4.5 Steady-state conductivity measurements 

The dynamic measurement of the sample current m the four-wave mixing 

experiments provides some useful information about the charge transport properties of 

the material. It provides a relative measure of the charge generation process efficiency. 

However, it is important to know the contributions due to the dark conductivity and the 

photoconductivity independently. Because of the low conductivity of the photorefi^tive 

composites under consideration, this involves measurement of quite small currents; the 

desirable resolution for such characterization is in the picoampere range. This requires 

specialized equipment, both in terms of the measurement and with regard to the 

protection of it in the event of a sample breakdown. Care is also required in the sample 

fixture to minimize leakage current which spoil the measurement. The basic requirements 

for this experiment are a means to control and monitor the optical stimulus to the sample 

in photoconductivity measurements, the electrk:al stimulus in both dark and 

photoconductivity measurements, and the electrometer itself. The basic optical 
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equipment, electrical considerations, and programming issues will be discussed in the 

following sections. 

4.5.1 Conductivity equipment layout 

The optical aspects of these measurements are relatively simple. A beam of 

known area must be delivered to the sample and its total power monitored to determine 

the irradiance delivered to the sample. This is done using a layout represented in 

Figure 4-9. 

Ml LI .L2 M4 M3 

PD3 PC 

F2 

M2 PBSl 

D ||}H|-. vj -IM iiiiiiH » LJ 

a -'.-I 

Figure 4-9: Experimental layout for photoconductivity measurements. 

The helium-neon laser is used as a source. To control the power delivered to the 

sample, a Pockels cell, PC, is placed in a polarizer-analyzer formed by a vertical polarizer 

PI and a horizontal polarizer P2. The output is chosen to be horizontally polarized to 

keep the reflection at the beam-sampler BS small, since this is used merely to monitor the 
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power in the beam via the detector PD. The lenses LI and L2 form a telescope to reduce 

the beam size for greater irradiance range in the sample. All mirrors are positioned for 

convenience of setup, since the alignment is not very critical The beam power is 

calibrated by using a detector at the sample area to find the minimum and full-scale 

values for calculations of photoconductivity. 

4.5.2 Electrical considerations 

There are two primary kinds of electrical considerations in this work. First, the 

safety of the users and equipment must be handled, since there are high potentials 

involved. Second, one must work to reduce noise pKkup and parasitic currents because 

of the very small signal currents available. The first requires reasonable care in the 

placement of cables to prevent shorting to the optical table or other points. To protect the 

electrometer in the event of sample breakdown, a simple protection circuit suggested in 

the electrometer manual is used, as shown in Figure 4-10. It has two opposing switching 

diodes across the electrometer inputs for transient voltage suppression, and a resistor in 

series with the input to limit current to a value under 10 mA. The reduction of noise 

factors is addressed in several ways. By placing the protection circuit in a light-tight 

shielded box, noise generated in the protection diodes due to light exposure was 

eliminated, and noise pickup was reduced in the electrometer inputs. The input signal 

wires are twisted pairs inside the box to reject noise, and triaxial cable outside the box. 

The guard connection is a metal plate under the sample fixture which helps to prevent 

leakage currents from reaching the input of the electrometer, a key factor in reducing the 

noise floor. Putting the protection and connection circuitry inside the box also provkles 
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further isolation of the user from high potential It provides a pluggable interface to all 

required connections. 

sample 

Figure 4-10: Electrometer and protection circuit 

4.5.3 Experimental programming 

To meet the current resolution requirements for these experiments, a Keithiey 

6517A electrometer was used. Though it may be used manually, the human intervention 

in the measurement process actually limits the resolution of the measurement. This is 

due to stray currents induced by motion, changes in noise pickup, and other factors well 

beyond the scope of this work. To allow the measurements to be conducted by a 

stationary operator well-removed from the sample fixture, a LabView program was 

written. The program uses some of the primitive components of the code made available 

by National Instruments, but is signiflcantly advanced from those routines. 

The program controls the sample illumination and electric field, as well as the 

electrometer functions. Sample illumination is controlled by supplying a variable voltage 

to the Pockels cell, resulting in variable illumination through the polarizer-analyzer. The 

sample bias is varied in the same way as in the illumination control code. For maximum 

+ 

electrometer 
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flexibility, there is a choice of source for each of these functions. The Pockels cell may 

be driven by either the Classman high voltage power supply or the Matsusada high 

voltage amplifier. The sample may be biased by either of these supplies, or by the 

internal supply of the electrometer. The connections to the proper source must be made 

manually. Given a general description of the measurement process, the procedure for the 

conductivity measurement system will now be discussed. 

The program panel for this experiment provides the ability to select the sources 

for illumination control and sample fieki as described above. The sweep mode controls 

which of these parameters is varied through the run. The limits of variation of the sweep 

are entered, as well as the fixed value for the other parameter is entered. The sweep may 

be either logarithmic or linear between the sweep limits. There are controls for the lock-

in amplifiers, which may be used to record the illumination monitoring detector, any 

unused input should be switched off on the program panel. Finally, there are many 

controls for the electrometer. Among these are the range, integration time, running 

average number-of-samples, and statistical convergence controls added as external 

routines. With this orientation to the program panel, the operation may be described with 

the aid of the program flowchart of Figure 4-11. After the LabView run button is 

actuated, the routine disables all voltage sources. This is a safety feature so that one can 

always disable sources by simply stopping, then restarting the panel When the start 

button is selected, all controls except display controls are latched to their values at that 

time. The electrometer is initialized by the parameters selected on the front panel, and 

time is allowed for its front-end to settle. A dummy reading is taken to speed settling of 
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the measurement, since the electrometer needs to have a reading requested after setup to 

begin stabilizing. Baseline readings are taken without sources on to allow estimation of 

noise levels, if desired. In the first pass, the sweep mode determines the fixed source and 

the varied source, and the array of values of the latter is calculated. After initial readings 

of both the electrometer and the accessory lock-in ampiifiers are taken, a loop is 

executed. The next variable-source setting is applied, and a wait is executed through a 

specified dwell time to allow settling of the readings. This is done until the range is 

covered in steps. Hnally, the sources are turned off and the user is prompted to save the 

data. The program then waits for the start button to be pressed to begin another 

experimental run. 

This program acquires data with a noise floor around 1 pA for a typical 

photorefractive sample. A few options on the front panel may be used to improve results 

in some cases. The integration time and averaging mode controls directly affect noise 

rejection characteristics. The prognunmed statistical controls were written to increase the 

flexibility of the measurement. They watch the running statistical characteristics of the 

values returned by the electrometer, and allow the user to wait for specific conditions. 

The length of the run buffer may be set as desired. The conditions which may be set 

bound the spread or the standard deviation of the data. To prevent an infinite loop 

condition, one may also set the maximum number of tries before quitting this process. 

Though these tools have not yet been needed for routine data acquisition, they arc useful 

in exploratory work. 
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Figure 4-11: Photoconductivity measurement program. 
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This program acquires data with a noise floor around 1 pA for a typical 

photorefractive sample. A few options on the front panel may be used to improve results 

in some cases. The integration time and averaging mode controls directly affect noise 

rejection characteristics. The programmed statistical controls were written to increase the 

flexibility of the measurement. They watch the running statistical characteristics of the 

values returned by the electrometer, and allow the user to wait for specific conditions. 

The length of the run buffer may be set as desired. The conditions which may be set 

bound the spread or the standard deviation of the data. To prevent an infinite loop 

condition, one may also set the maximum number of tries before quitting this process. 

Though these tools have not yet been needed for routine data acquisition, they are useful 

in exploratory work. 

The program saves the sample current and voltage, the illumination control 

voltage, and the lock-in amplifier readings in real units. These may be used to calculate 

conductance. Dark conductivity and photoconductivity may be calculated by the 

equations 

a,= (4.17) 

VA^ 

given the sample thickness d ,  electrode overlap area beam area and 

optical power P. The variables ij and i denote dark current and total current under 

illumination, respectively, while V is the imposed sample bias voltage for the 
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measurement. It is also possible to estimate the photogeneration efficiency using the 

equation [97] 

^(E) = 2/»tt>i(£) g 
adel adeP 

where the factor of 2 is introduced because the average charge transit distance is assumed 

to be half the sample thickness. The to is the frequency of the optical beam, a the 

absorption coefficient, d the sample thickness, e the elementary charge, I the 

irradiance, P the total optical power, and E the applied electric field which equals . 

These values are have been used to supplement our knowledge of the photorefr^tive 

process. They arc expected to become a more critical part of the characterization process 

as transport processes are investigated further. 

4.6 Materials evaluation 

In photorefractive composites which exhibit orientational birefnngence, the glass-

transition temperature is an important factor in understanding their performance. This is 

detennined using a differential scanning calorimeter. A sample is placed in a small 

sealed metal can, and the sample placed in the calorimeter for testing. The test is 

automated, and involves heating the sample in a controlled way so that the rate of heat 

flow may be observed. The glass transition temperature is determined by analyzing the 

resultant heat flow versus temperature curve for inflections. The analysis is done by the 

test software, is beyond the scope of this work, and will not be discussed further here. 

Finally, it is possible to learn about the composite properties simply by watching 

the behavior as samples are prepared. The melting flow characteristics, fiacture 
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toughness, or shear strength may provide important clues to the nature of the composite. 

In a commercial setting, for example, a special apparatus may be used to analyze melt 

flow, providing critical information for process development in an injection molding or 

extrusion operation. This determination, however, requires a relatively large sample of 

the bulk material, beyond the research quantities normally available in a setting such as 

this. Though the sample preparation process provides mostly qualitative feedback, not a 

quantitative evaluation, it is important as commercial processing options arc explored in 

the research of materials. 
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CHAPTER 5 EXPERIMENTAL RESULTS AND DISCUSSION 

The previous chapters have discussed the theory and practice which form a basis 

for continued work in the development and analysis of organic photorefiactive materials. 

The steady-state performance of low-glass-transition temperature {T^) photorefractive 

composites has reached a state which is highly refined, with near 100% diffraction 

efficiencies at applied electric fields below 30 V/^m. Net gain coefficients in excess of 

200 cm ' are readUy achievable. The shelf life of composites is potentially measured in 

years rather than days. However, there arc still a number of avenues open to research. 

This chapter will discuss work to expand the performance considerations along several 

lines. First, research is presented in which the dynamics of grating formation in a 

photorefractive polymer composite are characterized, resulting in performance with video 

bandwidth as well as a better understanding of the speed-limiting factors. Next, the 

fatigue of photorefractive performance under working conditions of electric field and 

optical field exposure will be explored, providing insight into possible means to stabilize 

such degradation. Finally, a demonstration of photorefi^tive composite material 

processing by injection moMing will be reported, which is an important step towards 

gaining commercial acceptance. 

5.1 Photorefractive response in the millisecond regime 

This investigation [144] describes a photorefhu;tive polymer with a 4-millisecond 

response-time in transient four-wave mixing experiments at 0.5 W/cm^ writing 

irradiance, 95 V/|im applied electric field (48 V/^m projected along the grating vector). 
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and a grating period of 3.1 )im. Complementary transient ellipsometry, however, reveals 

orientational birefringence response which leads four-wave mixing response all the way 

to its saturation, despite complex dynamics in these processes. It is found that orientation 

does not limit the dynamic formation of photorefractive gratings in this polymer, which 

suggests that even faster photorefr^tive responses are possible for polymer composites 

with improved charge generation and transport properties. The material made use of a 

novel visible-transparent chromophore in a PVK-based polymer with a composite of 

39°C. 

5,1.1 Siunple description 

Polymer composites were produced in a conventional matrix of poly-N-

vinylcarbazole (PVK), N-ethylcarbazole (ECZ), and (2,4,7-trinitro-9-fluorenylidene)-

malononitrile (TNFDM) with a fluorinated cyano-tolane chromophore (FTCN)< shown in 

Figure 5-1. We found a response-time of 4 ms at moderate optical intensity of 0.5 

W/cm2 and 95 V/^m applied electric field. This result is comparable to the fastest so far 

reported [96] despite the distinctly different natures of the chromophores. The linear 

absorption, shown in Figure 5-2, is minimal throughout the visible region, facilitating 

separate sensitization to the spectral range of interest. It remains a serious rival among 

chromophores seeking visible transparency [145]. The composite is very stable, with no 

phase separation occurring over as long as one year at room temperature. The refractive 

index of 1.68 was measured at 633 nm using a Metricon 2010 prism coupler in substrate 
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mode. The T, of the composite was detennined to be 39°C by a TA Instruments DSC 

2920 modulated differential scanning calorimeter. 

N 

Figure 5-1: The structure of the FTCN chromophore. 
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Figure 5-2; The linear absorption spectrum of the FTCN chromophore. 

Samples were prepared by laminating a layer of composite material of thickness 

105 ^m between glass slides coated with transparent indium tin oxide (TTO) electrodes. 

The sample composition was FTCN 15.2 wt.%; PVK 56 wt.%: ECZ 28 wt.%: TNFDM 

0.8 wt.%. For the four-wave mixing (FWM) and two-beam coupling (TBC) 
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measurements, 633-mn writing beams were incident on the sample with an inter-beam 

angle of 20.5° in air outside the sample. The sample surface normal was tilted 60** 

relative to the writing beam bisector. The resulting grating period was 3.1 ^m. Electric 

field bias was applied to the sample via the ITO electrodes on the sample. In FWM 

experiments, s-polarized writing beams had equal irradiances of 0.25 W/cm^ in the 

composite film; a relatively weak p-polarized probe beam counterpropagated with respect 

to the writing beam nearer the sample surface normal. In TBC experiments, p-polarized 

writing beams provided a total sample irradiance of 0.50 W/cm^ with a beam power ratio 

of 6.3:1. 

5.1.2 Steady-state four-wave mixing and two-beam coupling 

measurements 

Steady-state FWM and TBC experiments were carried out to verify the nature and 

extent of photoref^tive effects using this chromophore. The results arc shown in 

Figures 5-3 and 5-4. The internal diffraction efficiency in FWM experiments was 24% at 

95 V/^im. The TBC gain coefficient was 35 cm ', with no net gain due to the relatively 

high absorption of ~98 cm ' due predominantly to a relatively high concentration of 

TNFDM, not to the chromophore. 
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Figure 5-3; Steady-state field-
dependent four-wave mixing. 

Figure S-4: Steady-state field-
dependent two-beam coupling. 

5.1.3 Transient four-wave mixing 

The transient photorefiractive response in FWM was measured to separate the 

time-development of index-modulation, An, from that of An sinO (O is the grating 

phase shift) observed in TBC. This provides consistency in the comparison of these 

results to transient ellipsometry data which rcfleet An alone. To examine the transient 

FWM response, development of the photorefractive grating was monitored by digitizing 

the dif^acted signal during the following sequence. Electric field and a single writing 

beam were applied for several minutes; the second writing beam was then switched on to 

commence grating formation. This was carried out through a range of electric field 

values from 0 to 95 V/jim. The results at 95 V/^m (48 V/^m projected upon the grating 

vector) arc shown in Figure 5-5. 
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Figure 5-5: Transient four-wave mixing result at 95 V/um and 0.5 W/cm^ mean 
irradiance; fitted curves are to the Kogelnik form with a biexponential time-
dependent index modulation. Inset of shorter interval is shown to clarify early 
behavior. 

The time-dependence of diff^tion efficiency, rj in FWM experiments was fh to 

Tjocsm 

f \ 
It (5.1) 

based upon Kogelnik's coupled-wave solution [70] given by equation (2.103) for 

transmission phase gratings at wavelength k with geometric factors c, and . In this 

experiment, the development of index-modulation is well-described by a biexponential 

time-evolution of the space-charge field, given an applied field, E,, as follows: 
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An oc E„E„ * El [l-fltf"'"' -(1 -aV"'"' ] (5.2) 

The fit in Figure 5-7 also relies on this relation. A stretched exponential relation might 

also be expected for An on the grounds that a distribution of time scales contributes to 

the grating formation process [96]. However, the two forms yield equally good fits to 

these data, and the biexponential fit provides a convenient basis for comparison with 

existing literature. As shown in Figure 5-5, this analysis of grating formation resulted in 

a dominant time constant, r,, of 4 ms with a weighting factor a — 0.80; the second time 

constant was 50 ms with a weighting factor of 0.20. For device characterization, it may 

be informative to fit FWM data to a simple biexponential. This results in a dominant 

time constant of 7 ms with a weight of 0.86. 

In the chapter on experimental technique, the improvements in signal quality 

leading to this observation were discussed. A comparison of the transient curves using 

the mechanical shutter with the original HeNe laser probe to that using a Pockels cell to 

switch the writing beam with a separate probe source is shown in Figure 5-6. The 

reduction of coupled vibrations and the elimination of homodyning between the probe 

beam and scattered writing illumination made it possible to fit the transient signals much 

more precisely than before. 
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Figure 5-6; The transient four-wave mixing signal produced using a mechanical 
shutter and using a Pockels cell for switching. 

5.1.4 Transient eUipsometry 

To compare the transient response of the birefringence to the photorefractive 

lesponse-time, an extension of earlier steady-state ellipsometric techniques [146,147] was 

used to measure the transient orientational response of the chromophore. The step-

response of the birefringence induced by a switched poling field was probed with a 633-

rm laser diode beam incident at 45° in a polarizer-analyzer configuration. The resulting 

dynamics were fit to a biexponential characteristic in Figure 5-7. The dominant time-

constant is 490 (xs when fitting data with a timebase of 100 ^s/point over a 50 ms 

interval, for a poling bias of 600 V. To show behavior over a longer time and to verify 

that the signal is indeed saturated after 50 ms, data were also collected at 1 ms/point over 
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a 500 ms period. Biases as high as 10 kV produced only slightly faster reorientation, so 

the 600-V data provide a conservative estimate of the reorientation rate induced by the 

space-charge field in FWM. 
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Figure 5-7; Orientational birefringence in transient ellipsometry of the sample with 
600 V applied bias. Inset shows shorter interval and increased timebase resolution. 
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Figure S-8: Comparison of observed transient grating formation and that predicted 
by orientation-limited behavior inferred from transient ellipsometry. 

The FWM response inferred from equation (S.l) for orientation-limited grating 

formation is compared to the observed FWM data and fit in Figure 5-8. The projected 

orientation-limited performance leads the actual grating formation in FWM at all times. 

This shows that the measured photorefractive response of 4 ms cannot be limited by the 

orientational speed. The FTCN chromophore exhibits excellent orientational mobility, 

even though the tolane structure is longer than other chromophores in fast composites 

reported to date. 
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5.1.5 Orientational limits in transient response 

In summary, very stable photorefractive polymer composites were fabricated 

using a visible-transparent fluorinated cyano-tolane electro-optic chromophore in a PVK-

ECZ matrix with TNFDM as photosensitizes Transient four-wave mixing experiments 

found a photorefractive response dominated by a fast time-constant of 4 ms, while 

transient ellipsometry revealed a fast orientational response component of only 490 ^s. 

The eight-fold contrast of time scales demonstrates that the orientational birefringence 

does not limit photorefractive dynamics in the polymer composites investigated here, and 

consolidates previous frequency-domain evidence [126], time-domain results in slower 

material systems [148], and strong indirect observation through photoconductivity 

measurements [96]. This underscores the importance of charge generation and transport 

issues as they influence transient photorefractive effects, and suggests that it is possible to 

further enhance the photorefractive response time to support applications well into the 

video-rate regime. 

5.2 Stabilization of fatigue in a fast Cco-sensitized photorefractive 

polymer 

This study [149] focuses on the continuous-use stability of photorefractive 

polymer composites with short response-times and large index-modulations. A 

systematic study is presented of the response-times and the photoconductive properties as 

a function of optical exposure under applied field for a series of chromophores with 

various ionization potential (/p) doped in a PVK-based matrix sensitized with C6o-

value of the Ip of the chromophore relative to that of the photoconducting polymer host is 
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found to impact the evolution of the response time for increased exposure. This increase 

of response time correlates with a decrease of the photoconductivity and with an 

increased accumulation of a population of Ceo radical anions. Studies of the electric field 

dependence of the steady-state diffraction efficiency performed in various samples for 

different exposures corroborates the recent proposal that the population of Qo radical 

anions acts as the main photorefractive hole trap [150]. 

5.2.1 Sample description 

Four different composites were studied, each comprising a photoconductive host 

doped with a sensitizer and an optically anisotropic chromophore. Poly-N-vinylcarbazole 

(PVK) provides a hole-transporting host with Ip of about 5.9 eV, and is plasticized with 

N-ethylcarbazole (ECZ) in a 2:1 mixture by weight. The composites are sensitized with 

providing the high photogeneration contributing to recent observations of fast 

photorefractive response [96]. The synthesis of the styrene chromophores and their 

measured Ip have been reported previously, and range from that of the PVK host to about 

0.4 eV above that of the host [97] (see Table 5-1). Each composite is doped with 25 

wt% of chromophores, 1 wt.% of Qo and 74 wt.% of the PVK/ECZ host Samples were 

prepared by laminating a 105M.m thick layer of each composite between glass slides with 

indium-tin-oxide electrodes. In these experiments, the samples containing chromophores 

with 0, 1,2, and 4 fluorine atoms will be designated PO, Fl, F2, and F4, respectively, as 

shown in Table 5-1. 
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Table 5-1: Sample designations, chromophore ionization potential, initial 
performance parameters, and chromophore structure. 

Sample Ip r]o to Ob fluorine 

(eV) (%) (ms) (pS/cm) positions (pS/cm) 
F 

PO 5.9 15 19 230 none 

Fl 6.0 12 27 250 
< 

rv-
F 

f 
F NC 

F2 6.1 4.1 58 100 2,5 

F4 6.3 1.0 50 180 2,3,5.6 

5.2.2 Exposure-series technique 

In all samples, steady-state diffraction-efficiency, grating build-up response-time, 

and photocurrent were measured under a precisely controlled sequence of exposures 

described below. For each sample, transient evaluation began with simultaneous 

observation of diffraction-efHciency and photocurrent until steady-state conditions 

occurred with a moderate applied field of Ea = 38 V/^m. Then, one of the writing beams 

and the reading beam were blocked, leaving the sample exposed to the uniform 

illumination of one writing beam for a controlled dwell-time. During this exposure time 

the applied field was set to Ea = 76 V/^m . The bias was then reduced to the nominal 

value and the second writing beam and reading beam restored to conduct the next 

measurement. This sequence was repeated in a progression of dwell-times. For each 

exposure, steady-state four-wave mixing measurements of the field dependence of the 

index modulation were conducted by sweeping £<, from 0 to 76 V/|im over a period of 2 

minutes. For the four-wave experiments, two s-polarized 633-nm writing beams, 

providing equal fluences of 0.25 W/cm^ in the sample, formed an angle of 20.5** in air. 
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The sample surface normal was rotated GfT with respect to the bisector of these beams in 

the plane of incidence. The grating period in the sample was 3.1 ^m, given a refractive 

index of 1.7. A p-polarized beam of 1 mW/cm^ counter-propagating with rcspcct to the 

writing beam nearer the surface normal probed the diffraction of the gratings. The 

transient four-wave mixing data were fitted using a sine-squared biexponential function 

to allow for comparison to previous results [144]. 

5.2.3 Transient four-wave mixing results 

The initial diffraction-efficiency, r\o , the first response-time constant to , and the 

initial photoconductivity Ob , measured for each sample at £<, = 38 V/)im are shown in 

Table 5-1. It was observed that the initial steady-state diffraction efficiency decreases 

with increasing the ionization potential /p of the chromophore. Note that for all the 

samples the response time is fast considering the low fluence of the writing beams and 

the moderate value of the applied field. Figure 5-9 shows the evolution of the response 

time versus exposure in all four samples. For each composite, the response time is 

normalized to the initial value shown in Table 5-1. For all samples, the build-up time of 

the photorefractive grating slows down somewhat for exposures up to 100 J/cm^. But 

beyond that exposure, a drastic change is observed for composites FO and F1 leading to a 

ten fold increase in time constant. A clear trend is observed between the threshold of the 

strong increase in response time and the value of the Ip of the chromophore. Increasing 

the ionization potential through fluorine substitution of the phenyl ring in the styrene 

chromophore clearly stabilized the dynamics for exposures over 10^ J/cm^. 
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Figure 5-9: Exposure effects on response-time. #: sample PO; •: sample Fl; A: 
sample F2; T: sample F4. Inset shows corresponding curves for inverse 
photocurrent. 

To clarify the origin of the fatigue of the response time we measured the 

photoconductivity of all samples in situ during the four-wave mixing experiments. The 

inset of Figure S-9 clearly shows that the evolution of the response time in different 

samples correlates with a decrease in photoconductivity. This result is consistent with the 

recent observation that the response time in these fast photorefractive polymers is mainly 

limited by the photoconducting properties of the sample rather than the orientational 

diffusion of the chromophore [96,144]. We attribute this evolution to the build-up of a 

population of C^o radical anions in photorefractive polymer films under applied field and 
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illumination as reported in PVK/CWbased materials [97,150]. This population was 

found to correlate with the ionization potential of the chromophore for values of Ip near 

to, or less than, that of the host [ISO]. Here this behavior is also observed for 

chromophores with Ip substantially higher than that of PVK. 

To determine the exposure-dependence of anion formation, absorbance 

readings in the spectral region of the known absorption peak at 1080 nm [97,150] 

were taken using a Gary 5G spectrophotometer with a 1 mm aperture. Each sample was 

exposed to a 633-nm beam at a fluence of 140 mW/cm^ with £<, = 80 V/|im. In each 

cycle, the sample was removed from exposure, its absorbance measured with a delay of 

about 2 minutes, then returned to the exposure condition. An example of the series of 

absorbance curves for the case of sample FO is shown in Figure 5-10. 
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Figure 5-10: Exposure effects on absorbance at the Qo anion peak in sample PO. 
Exposure conditions arc 80 V/um at 140 mW/cm^. 
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The concentTation of was calculated from the absorbance at 1080 nm, given 

[150,151] the extinction coefficient of 12000 L-mor'-cm *. As shown in Figure 5-11, the 

evolution of the population following illumination under an applied field is quite 

different in samples F4 and PO. In sample FO, we observe a continuous increase with 

exposure as reported previously [97]. In contrast, when the ionization potential of the 

chromophore is signiflcantly higher than that of PVK (sample F4), the population 

reaches a maximum for exposures of 100 J/cm^ that is followed by a continuous decrease 

for longer exposures. We note that the measured concentration of is in the range of 
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Figure 5-11: The evolution of the Cao anion population with exposure. Circles are 
sample FO data; triangles, sample F4 data. Inset shows detail of sample F4. 
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10'^ to lO'^ per cm^. In this range, and for our experimental conditions, the Kukhtarev 

model of photorefiractivity predicts a transition from a trap-limited regime (for trap 

concentrations < lO'^ cm'^) when the concentration of traps is insufficient to saturate the 

space-charge field, to a regime (> 10'^ cm'^) where the space-charge field is equal to the 

component of the applied Held along the grating spacing [48]. In orientational 

photorefractivity, the refractive index modulation amplitude ^ is proportional to the 

product E,c Eo, where £o is the projection of the applied field Ea along the grating vector 

[68] and Esc is the amplitude of the space-charge field. Consequently, should exhibit 

a quadratic dependence on applied field (An ) for high trap concentrations. For 

lower concentrations when the space-charge field is no longer saturated, the field 

dependence of ^ is more complex but can be fitted by a power dependence 

An « with P <2. Thus, to assess whether or not the measured population of is 

the photoref^tive trap, we measured the field-dependence of the steady-state diffraction 

efficiency. Figure 5-12 shows the value of the exponent P as a function of exposure in 

samples FO and F4 derived by fitting the field dependence of the steady-state diffraction 

efficiency with the following simplified Kogelnik formula [70] 

T] = Asin^^BEa^ (5.3) 

where ry is the diffraction efHciency, Ea is the applied electric field, and A, B, and P are 

fitting parameters. Examples of the field-dependent four-wave mixing measurement 

curves and fits are shown in Figures 5-13 and 5-14. In sample FO, P > 1.9 for all 

exposures and is consistent with the measured high concentration of . In contrast, the 
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clear decrease of P to values about 1.5 in sample F4, for prolonged exposures, is 

consistent with the decrease of the concentration of to values for which the spacc-

charge field is no longer saturated. 

)r/ 

1000 2000 3000 4000 5000 6000 
Exposure [J/cm^] 

Figure 5-12: The exponent, P, of the field relationship to index modulation. Circles 
correspond to sample PO; triangles to sample F4. 
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Figure 5-13; Field-dependent four-
wave mixing diffraction efficiency 
and fits for sample PO before and 
after exposure. 

Figure 5-14: Field-dependent four-
wave mixing diffraction efHciency 
and fits for sample F4 before and 
after exposure. 

5.2.4 Trapping and the field-dependence of index modulation 

The Kukhtarev model was used to simulate the expected space-charge field and 

thus the expected index-modulation field dependence for the Qo anion concentrations 

found earlier. The resulting simulation for sample F4 after long exposure is shown in 

Figure 5-15. The figure shows the calculated product of the internal applied field 

component Eg and the space-charge field , the result of a simple power fit of this 

constrained through zero, which has an exponent of 1.47, and the result of a power fit 

forced to an squared power dependence £„ . It is obvious that the latter does not describe 

adequately the dependence of index modulation upon the applied field 

component Eq. However, the simple power law fit with the exponent equal to that 

obtained from the field-dependent four-wave mixing measurement, Eg^^, appears to 

correspond closely to the Kukhtarev modeL 
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Figure 5-15: Kukhtarev model for space-charge field-applied field product (solid 
line) compared to a general power fit (dashed line) and a squared power fit 

(dotted line) at an effective trap density of 2* lO'Vcm^. 

5.2.5 Response stabUizfftion and trapping effects with varied chromophore 

ionization potential 

In summary, this work showed that PVK-based photorefractive polymers 

sensitized with C^o and doped with styrene chromophores with various ionization 

potentials undergo a fatigue of the response time upon prolonged optical exposure with a 

strong continuous bias field. This change in dynamics was found to correlate with a 

decrease in photoconductivity, which in turn was attributed to the accumulation of Cfio 
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radical anions. It also ascertained that the concentration of ^60 can be controlled by 

adjusting the chromophorc's fp. Stabilization of the response time was demonstrated by 

increasing the chromophore Ip through fluorination of the phenyl ring. Our studies 

corroborate the prior proposal [150] that the radical anion of Cm acts as the 

photorefractive trap or directly controls its concentration. This report clearly establishes 

that the photorefractive properties including diffraction efficiency and response time 

depend on the sample's exposure history and that great care should be taken when 

comparing the relative performance of different materials. We showed that the relative 

values of the energies of the frontier molecular orbitals of the different components in a 

photorefi^tive polymer (sensitizer, photoconductor, and chromophore) play a major role 

in both the steady-state performance and its evolution under exposure. To fully validate 

the proposed structure-property relationships proposed here, further studies on different 

chromophore series will be required. 

5.3 Injection molding of photorefractive polymers to demonstrate 

industrial processability 

This work is a proof-of-principle demonstration in the processing of a 

photorefractive polymer composite by injection mokiing. This process was chosen 

because it is an important process among conunercial mass production techniques [1], 

because it is a severe process in terms of the shear rates imposed on the samples [152], 

and also because it may impose serious thermal stresses to the material system. This 

makes such a test a sort of worst-ease scenario. On the basis of a family of composites 

which exhibit high thermal and phase stability, a design rationale was followed to 
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develop a photorefractive composite which is robust within the molding process 

parameters while enabling sufficient sampling to evaluate any obvious process effects. 

The photorefi^tive properties of the material after experiencing the molding process 

envelope are characterized through four-wave mixing measurements, and the 

photorefractive nature of the molded material was verifled by two-beam coupling 

measurements. The intent is to show the applicability of organic photorefractive 

materials to a dominant industrial processing method, to provide a basis for future 

development of both the materials and processes for specific applications, and to promote 

application in mass-produced devices. 

5.3.1 Strategy 

To show true industrial process capability of a photorefi^tive polymer 

composite, a small commercial molding machine was chosen to make the test 

representative of industrial objectives. The machine used is a Morgan Industries G55-T, 

a 22-ton vertical-travel press appropriate for short-run small-parts applications. Figure 5-

16 shows the basic machine. The top section contains the injection mechanism; the 

middle section is the movable mold table, and the bottom is the pneumatic table 

movement with controls. To address any concern that the composite is too exotic for 

commercialization, a commercial molding resin from Hitachi Chemical Corporation was 

used as the basic matrix material. Since this matrix material has no charge transport 

ability, a multifunctional chromophore which provides transport properties was choscn. 

Prior work has shown that materials with very good photorefractive performance and 

phase stability may be made in this system [128]. Since the chromophore is currently in 
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limited supply, all thermal and process development was done using dummy composites 

with the chromophore replaced by a plasticizer with similar thermal characteristics. Also, 

the chromophore was used in the lowest practical concentration to minimize consumption 

and to reduce the perturbation of material properties by its addition to the dummy 

formulations. The details of the material design are now discussed. 

Figure 5-16: The Morgan Industries G-55T injection molding machine (photograph 
by the author). 

5.3.2 Composite design 

Polymer composites were produced in a matrix first developed to improve the 

phase stability of high-gain composites [128] described earlier in Chapter 3. The inert 

polymer was a commercial birefringence-free acrylic resin, OZ-1330, produced by 

Hitachi Chemical Company, based upon the principles of birefringence reduction by 

block copolymerization of positive- and negative-birefringence monomers [153,154]. Its 
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general composition is poly (methyl methacrylate- co-tricyclodecyl methacrylate- co-N-

cyclohexyl maleimide- co-benzyl methacrylate) (PTCB). The material for the final 

photorefractive composite and the last dummy batch was refined by dissolving in 

chloroform and precipitating in ethanol to remove any low-molecular-weight residual or 

ionic contaminants to ensure good dielectric strength for the final photorefractive 

materials. It was plasticized using diphenyl isophthalate (DIP), and sensitized using 

(2,4,7-trinitro-9-fIuorenylidene)malononitrile (TNFDM). The chromophore, 2, N, N-

dihexylamino-7-dicyanomethylidenyl-3, 4, S, 6, 10-pentahydro-naphthalene (DHADC-

MPN), was chosen for its intrinsic hole transport properties, since the matrix does not 

provide significant charge transport. 

A series of samples of PTCB/DIP composites were prepared with varying 

concentration ratios, and their 's were determined using a TA Instruments DSC 2920 

modulated differential scanning calorimeter. The resulting plasticization curve is shown 

in Figure 5-17. It was noted that the Fox equation [152] 

± = (5.4) 
T, T„ T„ 

does not fit the data well, presumably because there is strong interaction between the 

constituents. Here T,, T,, ,7,2 are the glass transition temperatures of the composite, 

component 1, and component 2, respectively, and x,, jCj are the mass fictions of each 

component. A plasticization level of 40 wL% was chosen to provide a glass transition 

temperature of approximately 40°C. 
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Figure 5-17: The plasticization effect of DIP in the PTCB polymer matrix. 

The chromophore has similar plasticization effects to DIP, so a series of small 

samples with an aggregate content of DIP plus chromophore of 40 wt.% was made at 

various chromophore loading levels. The goal was to find a chromophore loading level 

which balances conservation of materials with reasonable photorefractive propeities. The 

PTCB and TNFDM concentrations were fixed at 59.5 wt.% and 0.5 wt.%, respectively. 

The DHADC-MPN was varied at 0, 5, 7, 10, and 15 wt%, with the remainder of the 

sample composed of DIP. These samples are expected to have similar molding properties 

to the dummy material without the chromophore. Samples were fabricated to verify that 

they could be processed into a form for characterization. Photorefractive performance of 

the 5 wt.% DHADC-MPN sample was measured by four-wave mixing. Figure 5-18 

shows the result, which was deemed sufHcient to evaluate photorefractive performance 
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after the molding process. The transmittance of the samples at 633 nm wavelength and 

normal incidence was 0.68, leading to an absorption coefficient of about 26 cm ' after 

subtracting Fresnel reflection losses. This test also verified that the dielectric strength of 

the material is acceptable for characterization. A glass transition temperature of 39°C was 

measured, appropriate for orientational photorefractive performance at room temperature. 
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Figures-18: Four-wave mixing measurement at 5 weight% chromophore content 
used to verify an appropriate loading level for molding. 
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5.3.3 Injection molding trials 

To further conserve material, a new cavity with a smaller volume was added to 

the existing mold. The cavity itself measures approximately 10 mm by IS mm by 1 mm 

thick. To avoid the need for material-based mold release techniques, the steel mold 

cavity was highly polished with fine aluminum oxide. The total shot volume, including 

the sprue and runner used to convey material to the mold cavity, was determined to be 2.4 

mL by measuring the mass of 10 samples of polyethylene of known density molded using 

this cavity. 

Determining molding process parameters requires some material-intensive 

development. A large sample of the dummy formulation containing PTCB 60 wt.%: DIP 

40 wt.% was prepared for injection molding process assessment As mentioned earlier, 

the PTCB was unrefined for all process development materials until the final dummy run. 

This material was intended to represent the molding characteristics of the final 

photorefi^ctive test material with a composition of PTCB 59.5 wt.%, DIP 35 wt.%, 

DHADC-MPN 5 wt.%, and TNFDM 0.5 wt.%. The glass transition temperature of this 

material was approximately 30°C, which is less than in the refined composites. 

The process parameters for molding were found by multiple molding trials using 

the dummy materiaL Following tabular suggestions in the machine manual [155], in a 

tooling guide published by the machine company [156], and in similar form in other 

sources [157,158], the machine parameters were adjusted to improve the visual 

appearance of the molded parts. A particularly good and detailed description of the 
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interactions among process parameters [159] was also used in the diagnostic work. The 

general results of the trials arc summarized in Table 5-2. 

Table S-2: Molding conditions for final trials showing the process window 
specification and qualitative results used to adjust parameters during trials. 

sample mold barrel nozzle conunent 

description temperature temperature temperature description 
rc) rc) rc) 

unrefined 35-40 149-154 149-159 warping, mild foaming 

dummy 

unrefined 27-32 112-113 118 warping; material good 

dununy 

unrefined 

dummy 

21-27 113-114 118-119 warp after process; 
material good 

refined 22-26 113-115 119-122 less warp; haze due to 

dummy bubbles or incomplete 
melting 

final 24-25 113-115 120 glassy, brittle; trouble in 

(refined) sprue release; material 
clear 

The final composite glass transition temperature was determined to be 39°C. 

Given the comparison of the dummy material's thermal data to that of the final material, 

it was expected that an adjustment of <10 °C would be required for the final material; 

allowing the dummy process conditions to be used as a starting point for the final runs. It 

is generally best to approach process temperatures from below to minimize material 

damage and to avoid material waste due to over-injection. The trials using the purified 

dummy material and the final photorefhu:tive composite were each conducted using only 

30 g of material This allowed little opportunity for process manipulation, since it only 
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produced about 7-8 molding shots. Nonetheless, the ability to injection mold a 

photorefractive material was accomplished. Small adjustments were made during the 

final molding session, with the best results obtained by settings as follows: barrel 

temperature 113-115 °C, nozzle temperature 120 "C, mold temperature 24-25 °C, 

injection hold duration of 6-10 seconds, and clamp hold times of 10-12 seconds. The 

injection speed was moderate (injection speed control rate valve about half open at 4 

turns from closed), and injection pressure of 6.0 to 6.4 kpsi (kilo-pounds/ square inch) 

was used. The typical residence time of material in the machine was about 30 minutes. 

After molding, the T, of the composite was 36°C. The resulting photorefractive 

properties of the composite have also been demonstrated, and the improvement of sample 

quality, optical finish, and other factors will be the subject of future process development 

efforts. The photorefractive characterization of the molded material will be described in 

the following section. 

5.3.4 Photorefractive characterization 

Samples for photorefrtu;tive measurements were prepared by laminating a layer of 

composite material of thickness d = 105 between glass slides coated with transparent 

indium tin oxide (FTO) electrodes. This was done with no additional mixing of the 

material, trying to preserve its condition as mokled. For both the four-wave mixing 

(FWM) and the two-beam coupling (TBC) measurements, 633-nm writing beams were 

incident on the sample with an inter-beam angle of 20.5° in air outside the sample. The 

sample surface normal was tilted 60° relative to the writing beam bisector. For the 
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composite refractive index of 1.7, the resulting grating period was 3.1 ^m. Electric field 

bias was applied via the FTO electrodes on the sample. In FWM experiments, s-polarized 

writing beams had equal irradiances of 0.2S W/cm^ in the composite film; a relatively 

weak p-polarized probe beam counterpropagated with respect to the writing beam path 

nearer to the surface normal In TBC experiments, p-polarized writing beams provided a 

total sample irradiance of 0.50 W/cm^ with a beam power ratio of 1:1. 

The results of steady-state four-wave mixing experiments of the photorefi^tive 

composite are shown in Figure 5-19. Samples that were not subjected to the mokling 

process show a diffraction efficiency of ~20% at 10 kV applied electric field. Samples 

that were processed by injection mokling exhibited a typical diffraction efficiency of 25-

30% at 10 kV applied electric fiekl. The small apparent improvement in performance 

after mokling may be due to the slightly decreased glass transition temperature of the 

molded material. The reason for this may be some changes in polymer chain 

morphology, e.g. reduced entanglement, due to the long dwell at moderate temperatures 

and due to the shear effects in the narrow mold gate. 

Transient four-wave mixing experiments were done to determine the 

photorefractive response time of the molded composites. These composites were not 

designed for speed, and the results presented in Figure 5-20 show a sine-squared single-

exponential fit with a time constant of 330 s. This was expected based on earlier results. 

There were some signs of grating revelation, and the time constant itself is strongly 

dependent on recent sample exposure history. All these effects seem to be reversible 

over the course of a few hours, enabling overnight recovery for experimental purposes. 
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Figure S-19: The diffraction efficiency of an injection-molded composite sample 
with varied applied electric field. 
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Figure 5-20: Transient four-wave mixing in the injection-molded photorefractive 
composite sample showing a sine-squared single exponential fit with r =330s. 
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To ensure the photorefractive nature of the gratings in the molded material, the 

gain coefficient was detemiined in two-beam coupling measurements. Values of the gain 

coefficient approached SO cm ' at 95 V/^m applied electric field, as illustrated in 

Figure 5-21. Since the absorption coefficient is 26 cm'*, net gain is observed despite the 

very low chromophore doping level in this initial experiment. 

Figure 5-21: The two-beam coupling gain coefficient for an injection molded 
photorefractive composite sample for a beam ratio of 1, total writing irradiance of 
0.5 W/cml 

5.3.5 Injection molded photorefractive composites 

In sununary, the first injection molding demonstration of a photorefractive 

composite has been described. The composite design exploited previous work in 

producing materials with high phase and thermal stability; a conunercially available non-

conductive matrix polymer was coupled with a multifunctional chromophore to provide 
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both optical anisotropy and transpoft. The injection niolding was done using a small 

industrial injection molding machine, with a custom mold built to minimize material 

consumption. The process was developed with dummy materials designed to simulate 

the process behavior of the final photorefractive material without consuming the limited 

chromophore supply. Then the photorefractive material was molded using the 

information and experience obtained in the dummy trials. 

The material was characterized after the molding process, and photorefractive 

performance was verified by four-wave mixing and two-beam coupling measurements. 

The perfonnance was good, given the low chromophore loading of 5 wt.% used to 

minimize consumption and process perturbation relative to the dummy materials. The 

diffraction efficiency in four-wave mixing was near 30% at 95 V/^m, and the gain 

coefficient was near 50 cm '. A slight enhancement of four-wave mixing performance is 

attributed to a reduction in the glass transition temperature by the molding process. This 

material was expected to have very slow response, due to very low photoconductivity. 

The low concentration of the chromophore exacerbates this problem. Thus, the response-

time of this composite was very slow. The small sample size did not allow molding 

process optimization, and the conditions used resulted in breakage of the molded parts. 

The material looked very glassy and was generally very clear. There was difficulty 

getting good surface quality, which may be due to process conditions, particularly mold 

temperature, injection hoM time, and mold hold time. This is accentuated by the low-

glass-transition temperature of the composite. 
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Finally, these results demonstrate the potential for industrial processing of 

photorefractive composites. By using higher chromophore loading, higher steady-state 

performance should be obtained. There was no sign of chromophore or plasticizer phase 

separation, so higher loading should be possible. A separate transport dopant may be 

used to enable experiments with conunon chromophores which are available in greater 

quantity. More extensive process development with fewer material restrictions, or 

development of high-T, composites, should enable much progress in this area. 
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CHAPTER 6 CONCLUSIONS AND DIRECTIONS 

The essential new results of this dissertation were presented in the previous 

chapter, showing progress in the understanding of photorefractive polymers. These were 

presented on a basis of analytical techniques, historical development, and experimental 

techniques used as a foundation for this new research. The following section will 

summarize the basis of the present work. 

6.1 Summary 

Polymer-based plastic materials are central to rapid development in a number of 

fields of technology. The microelectronic industry required the support of polymer 

technologies to fuel its growth, both in structural roles and as the photoresist which 

allows patterning of the structures which has now reached sub-micron resolution. The 

photonics industry builds upon this capability to create devices which manipulate light in 

ways more exotic than the most sophisticated conventional microelectronics. 

Photorefractive composites are one of a number of polymer technologies which have a 

role this revolution. Before presenting the original research of this dissertation, 

information was provided as background in understanding the prior art and the new 

results. 

To provide background useful in understanding the present work. Chapters 2 

through 4 discussed the analysis, developmental prior art, materials development, and 

experimental techniques used as a basis for research. These preparatory chapters then 

culminated in the presentation of new results in Chapter S. The first area of research was 
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the investigation of four-wave mixing response time in a material with fast response, and 

a corresponding exploration of the transient birefringence of the material. The next area 

was in the effect of exposure to working conditions on the performance of a family of 

related composites in which the HOMO energy level of the chromophore was varied. The 

final area of investigation was a proof-of-princ^le experiment into the processing of a 

photorefractive composite by injection molding. It was shown that a low-glass-transition 

temperature composite designed for good phase stability can be injection molded, and the 

photorefractive properties were demonstrated after the molding process. Let us now 

review the respective observations and examine the conclusions which may be drawn 

from them. 

6.2 Conclusions 

Transient photorefractive experiments and transient birefringence characterization 

was performed in a PVK/ ECZ based composite using a novel tolane chromophore and 

TNFDM sensitization. A photorefractive response time constant of 4 ms was observed at 

an applied field of 95 V/^m with an incident writing fluence of 0.5 W/cm^, while the 

corresponding birefringence response time was under a millisecond. By constructing a 

projected photorefractive response using the measured birefringence function, an 

orientation-limited photorefractive response function was compared to the actual 

photorefractive transient response. It was decisively and directly shown that the 

chromophore orientational response is not the speed-limiting factor. This leads us to 

conclude that the limitation must be in photoconduction in this case. Thus, independent 
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investigation of photogeneration and transport processes is desirable to further understand 

and improve photorefractive dynamic response. 

In another segment of research, a series of experiments were conducted in which 

properties were characterized at various points as samples were exposed to woridng 

conditions of 80 V/um electric field, up to 10^ J/cm^ optical field. The effect of exposure 

upon photorefractive performance was examined. The response time and transient 

photoconductivity were found to fatigue with exposure for all samples, but a higher 

chromophore ionization potential (lower HOMO level) was correlated to reduced fatigue. 

By examining the electric field dependence of four-wave mixing as a function of 

exposure, it was shown that the sample with the lowest HOMO level ceased to saturate its 

space-charge field at high exposure levels. This was found to correspond to a reduction in 

the population of the C^o anion, the ionized sensitizer. This population was shown to exist 

at a level near the critical trap density for saturation predicted by the Kukhtarev space-

charge field model The observed field-dependence was related to the Kukhtarev model's 

predicted field dependence, based on the assumption that the C^o anion acts as the 

photorefractive trap. Thus a means of stabilizing the photorefiactive performance of 

photorefiactive under working conditions was demonstrated, and the function of the 

sensitizer anions as photorefnu;tive traps or trap enablers was shown. 

The third segment was the proof-of-principle of a photorefhictive injection 

molding process. This required the design of an appropriate photorefhictive composite, 

the design and build of a suitable mold, and the process development to obtain the final 

product The central challenge was to develop the process and product within the 



171 

constraints of available material quantities. A commercial acrylic matrix was used, which 

had been shown to form very stable composites. The chromophore, chosen to provide 

both electro-optic and transport moieties, was available in limited quantities, and so had 

to be conserved. The process was developed using dummy material with similar thermal 

characteristics, but without the chromophore. A limited molding run with ihe fiiUy doped 

photorefractive composite was successful in producing material of good optical quality, 

and the photorefractive properties of the molded material were verified by four-wave 

mixing and two-beam coupling measurements. At 95 V/^m applied electric field, a 

difliraction efficiency of nearly 30% was measured, and a gain coefficient of nearly SO 

cm ' was obtained. Given the good material quality produced, further process 

development could easily optimize the process for applications. This shows the 

robustness of these materials to industrial processing technology. It provides a path from 

hand crafted devices to mass-production techniques, and should aid in the acceptance of 

such materials in commercial settings. 

6.3 Outiook and directions for future research 

The first segment of research described above provided impetus to understand the 

relationship between photorefractive dynamics and the individual sub-processes of 

photorefractivity. The means of determining the orientational dynamics are well-

developed in our laboratories. The use of fluency-domain techniques to estimate the 

polarizability and hyperpolarizability is a useful technique for screening chromophores 

for specific applications, and should be included in the evaluation of new materials. To 

better understand the whole system response, and to improve the transient response in 
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future materials, the photogeneratioii and transport processes must also be systematically 

characterized. The former may be determined by steady-state photoconductivity 

measurements, which have been developed as described in Chapter 4. The latter is best 

determined using transient photoconductivity measurements by time-of-flight techniques. 

From this technique the charge mobility may be estimated. Along with steady-state 

photoconductivity measurements, the corresponding dark conductivity measurements 

should be done. They provide not only a measure of the potential of photorefiractive 

materials, but are very useful as a process control screening tool for material preparation 

and chemical purity issues. 

The next segment provided insight into the potential for band engineering in 

photorefractive composite materials. The characterization of steady-state field dependent 

photorefractive properties, and of transient photorefractive and conductive properties, 

provided useful information on exposure effects under realistic working conditions. 

Further information couU be obtained by examining the effects of exposure on the dark 

conductivity, and on the charge mobility, again using a time-of-flight technique. The 

sample space is still very open in these experiments, so studies of variation of ionization 

potential of components may focus on any component of the composite. These studies 

have relied on the spectroscopic determination of singly-ionized C^o- The determination 

of multiply-ionized C60t as well as of chromophore cations, could provide a very rich 

picture of the trapping processes in these materials. The use of high-speed broadband 

spectroscopy might prove useful in completing this picture, eliciting information about 

the dynamics of energy transfer among the various molecular orbitals. If chromophore 
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ionization results in an observable change in the effective electro-optic coefficient, this 

would make the system dynamics particularly rich, warranting further study. The 

manipulation of trapping mechanisms by exposure and other techniques can be combined 

with space-charge field modeling to improve transport models. 

Having proven the possibility of injection-molded photorefractive composite 

devices in the final segment of research, the task is to improve and expand the scope of 

that activity. The two general directions are materials development and device 

development In materials development, a composite composed of only commonly 

available components may be desirable so that large quantities of material may be 

produced. Either a photoconductive matrix or a matrix doped for photoconductivity could 

free the choice of chromophore. The phase stability must be considered when combining 

species of varying polarity, so the block copolymer used in these experiments may 

continue to be a good choice for multiple-component doped materials. The optical quality 

of the first molded parts suffered because of the low glass-transition temperature of the 

material The investigation of high-glass-transition temperature composites may facilitate 

the molding of devices with high quality optical surfaces, and enables the testing of bulk 

photorefnictive devices. The inclusion of photorefractive materials in integrated optics 

may also be considered as a result of this demonstration. Since the injection molding 

process was chosen as a worst-case scenario in terms of high shear rates applied, other 

processes may also be considered. Extrusion processes provide another way to form 

materials, with the possibility of component mixing that does not require dissolution in a 

solvent. The construction of bubble-free films can be eased by such processes due to the 
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free space curing of the film. Using such films as a laminate layer with flexible ITO-

coated polymer films would be an impressive demonstration of roll-to-roll process 

potential, leveraging the current accomplishment while taking it to a higher level 

Aside from these extensions of the present woilc, improvements in the dynamic 

range of index modulation, external diffraction efficiency, or gain coefficient are 

generally useful and are welcomed by the conmiunity. As transport properties are 

characterized in a range of photorefractive materials, the design of composite transport 

properties should become as important as the design of chromophores has been in the 

past. The information provided by the present work points out the value of fundamental 

parametric characterization. As important as the photorefractive characterization is, the 

characterization of the sub-processes will continue to evolve in importance as overall 

performance improvements are pursued. 
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