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Snapshot: Several recent advances in 
photorefractive polymers are reviewed 
and placed in context, in which net two-
beam coupling gain, enhanced Bragg 
selectivity in multilayer geometries, 
diffraction efficiencies beyond 100%, and 
net two-beam coupling gain coefficients 
greater than 200 cm-1 have been 
observed. These improvements make 
photorefractive polymers worthy of 
consideration for practical applications. 

Photorefractive polymers represent a new and 
growing class of optoelectronic materials cur
rently attracting interest for both fundamental 
scientific reasons as well as for possible techno

logical applications such as optical processing and stor
age. Photorefractivity is a specific mechanism for pro
ducing a hologram (i.e., a spatial modulation of the opti
cal index of refraction) in an optically nonlinear materi
al, in which photo-excited charge carriers migrate to pro
duce an internal electric field, and this internal space-
charge electric field produces a modulation of the refrac-
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Left: Image of mode patterns of a circular membrane excited by a 
loudspeaker. This image was obtained by real-time interferometry in 
a highly efficient photorefractive polymer. 

tive index. This effect has been studied for many years in 
several well-known inorganic crystals such as LiNbO3, 
BaTiO3, KNbO3, Bi12SiO20, and SrχBa1-χNbO3, 
which have been thoroughly described previously.1 - 5 

This article summarizes a new class of photorefractive 
materials, called photorefractive polymers,6 that recent
ly have shown performance parameters that approach, 
and even exceed, those of inor
ganic crystals. 

When two overlapping light 
beams intersect in a photore
fractive (PR) material, mobile 
charges are produced by optical 
absorption in charge generating 
sites. These charges move under 
the influence of externally 
applied uniform electric fields 
and concentration gradients 
(diffusion) to produce a volume 
grating of electrical charge. This 
charge grating is accompanied 
by an internal electric field that 
is also spatially modulated. If 
the material's optical index of 
refraction depends on the local 
electric field, then the electric-
field, grating produces an index 
of refraction grating, i.e., a holo
gram that can diffract light. 
Uniform illumination smears 
out the charge pattern and even
tually erases the hologram, thus 
photorefractive materials are 
capable of dynamic holography. 

The necessary, but not suffi
cient, prerequisites for the pho
torefractive effect are: a photo
ionizable charge generator, a 
charge transporting medium, 
and dependence of the index of 
refraction on a space-charge 
field. Deep trapping sites, while 
not strictly necessary, are also 
desirable for long-term storage 
of the space-charge field. 

Many other mechanisms exist by which a material's 
index of refraction can be modified in response to an 
incident light beam, for example, photochromism, ther
mochromism, thermorefraction, and optical generation 
of electronic excited states. All of these other mecha
nisms, however, lack the key spatial nonlocality that is 
intrinsic to the photorefractive effect, which arises from 
the physical motion of charges in the material over dis
tances on the order of a few microns. The net effect is 
that the peaks of the index modulation are not lined up 

with the peaks in the light pattern that produced the 
grating, but are spatially shifted by a distance that can 
reach one-fourth of the grating period. This nonlocality 
allows asymmetric exchange of energy between the two 
light beams in the material, which yields optical gain. 

To see how this two-beam coupling effect works, 
consider the two writing beams after they have passed 

through the sample. Each writ
ing beam is accompanied by a 
diffracted beam in the same 
direction (produced by the other 
writing beam diffracting off the 
grating). As a result of the spatial 
shift of the index modulation, 
the transmitted and diffracted 
beams have different phases. In 
one direction they add construc
tively, producing gain while the 
other pair of transmitted and 
diffracted beams add destruc
tively, producing loss. The size of 
the gain for a given material is 
expressed by a gain coefficient, 
Γ, just as in a laser material. 
Two-beam coupling gain cannot 
occur with other mechanisms of 
grating formation, which is why 
researchers regularly test for 
(asymmetric) two-beam cou
pling to confirm that photore
fractivity is present.7 This physi
cal effect is at the root of many 
of the most fascinating phenom
ena and applications such as 
image amplification, self-phase 
conjugation,8 and novelty filter
ing 9 already demonstrated in 
inorganic crystals. 

Why polymeric photorefractives? 
Until the last few years, all mate
rials showing the photorefractive 
effect were inorganic crystals. In 
detailed work extending back to 

the mid-1960s,1-5 many researchers demonstrated that 
photorefractives could, in principle, be used for a vari
ety of optical processing, holographic, optical limiting 
phase conjugation, and storage applications. However, 
to date, no application has attained widespread practi
cality, partly because of the difficulty and expense of 
growing and doping the required low-symmetry inor
ganic crystals. At present, holographic optical storage is 
the focus of increased attention,10 because a storage 
system based on writing and reading multiple holo
grams in the same volume of material might offer high 

Figure 1. Different paradigms for creating a pho
torefractive polymeric material, (a) A doped NLO 
host polymer; (b) A doped photoconducting host 
polymer; (c) A fully functionalized polymer. 
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density and high data transfer rates due to the use of 
parallel array page composers and CCD detectors. 

Polymers have several potential advantages over 
inorganic crystalline photorefractives, primarily because 
the dielectric constant is far lower. The low dielectric 
constant in polymers leads to larger electric fields for the 
same trapped charge density, because screening is 
reduced. Polymers also possess other advantages over 
inorganics such as compositional flexibility and ease of 
sample preparation, doping, and processability. 
However, as with any new material, stability, and fatigue 
must be assessed for ultimate application. 

Essential elements and materials design 
Optical nonlinearity is produced in polymeric materials 
by nonlinear optical (NLO) chromophores. These are 
conjugated organic molecules with an asymmetric 
charge distribution produced, for example, by a donor 
substituent on one end of the molecule and an acceptor 
substituent on the other end of the molecule. A simple 
case would be para-nitroaniline where an amine 
(-NH2) donor is placed on one side of a benzene ring 
and a nitro (-NO2) acceptor is placed on the opposite 
side. To make the entire sample optically nonlinear, the 
nonlinear chromophores must be partially aligned (or 
poled) by an applied electric field.11 In most PR poly
mers, the glass transition temperature is low, which 
means that the poling electric field must be maintained 
during readout. 

Charge transporting polymers are already familiar as 
the organic photoconductors used in xerographic copy
ing machines.12 The charge-transporting property is 

generally provided by a high concentration of so-called 
transport agents, which provide a network for moving 
the charge from one transport agent molecule to anoth
er. The sensitization of photoconductivity at a particu
lar wavelength can be provided by a suitably chosen dye 
molecule in low concentration. As is well known, the 
charge generation efficiency and the carrier mobility in 
polymeric systems are strongly electric field-dependent. 
Because of this, a large electric field must be applied to 
the sample during space-charge-grating formation. 

Figure 1 (page 25) shows three paradigms that pro
vide the required properties of optical nonlinearity, 
charge generation, charge transport, and trapping in a 
polymer-based composite PR material. In Figure la, the 
polymer is NLO active, while the functional group 
responsible for charge transport (CT) is added as a 
guest at high concentration, and the charge generation 
(CG) and trapping elements are optionally added at 
low concentration. In Figure 1b, the CT occurs along 
the polymer chain and the remaining functionalities are 
incorporated as guests in the matrix, where now the 
NLO chromophore must be present at high concentra
tion to maximize the optical nonlinearity. Finally, in the 
fully functionalized system (Fig. 1c), the functional 
groups responsible for all of the necessary elements are 
attached to the polymer backbone. The fully function
alized case has the advantage that phase separation of 
the various components is avoided. This may ultimately 
be the best approach to making a stable PR polymer 
material, and progress in this area has already been 
made.13 However, the best holographic and beam-cou
pling performance to date has been obtained26 with the 
host-guest approaches (Figs, 1a and 1b), so we focus on 
these for the rest of this paper. 

Optically nonlinear host polymers 
The paradigm in Figure 1a led to the first confirmed PR 
polymer, reported in 1990,14-15 which was composed of 
an optically nonlinear host polymer bisA-NPDA doped 
with a high concentration (30 wt.%) of a charge-trans
porting hydrazone molecule DEH (see Fig. 2 for struc
tures). Table 1 lists some of the measured properties of 
this material and other selected PR polymers. While 
bisA-NPDA:DEH provided an important proof-of-
principle that PR polymers could be fabricated, the 
maximum diffraction efficiency was small (10-2% in 
350 µm thickness) and the grating growth times were 
large (minutes at 1 W/cm 2 writing intensity). 
Additional PR polymers were quickly found, quite often 
with substantial improvements in both diffraction effi
ciency and speed.6,16 

Photoconducting host polymers and orientational 
enhancement 
A major milestone was reported in 1993,17-18 when the 
paradigm shown in Figure lb was demonstrated as fol
lows: A PR polymer was produced by doping the well-
known photoconductive host polymer poly(N-vinyl 
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Table 1: Properties of selected photorefractive polymers. 
a-at 1 W/cm2 writing intensity 



carbazole) (PVK) with a N L O chromophore and a sen
sitizer. This procedure worked for many N L O chro
mophores used as dopants. 1 9 Using the nonlinear opti
cal chromophore 3 - f luoro -4 -N , β - d i e t h y l a m i n o - b -
nitrostyrene ( F D E A N S T ) in high concentration (33 
wt%), and the sensitizing molecule 1, 3, 5-trinitrofluo
renone (TNF 1.3 wt%), diffraction efficiencies greater 
than 1% were observed 1 7 for the first time (125 μ m 
thick samples, field of 40 V / μ m ) . More importantly, net 
two-beam coupling gain was achieved in this polymer, 
i.e., the two-beam coupling gain coefficient was larger 
than the optical absorption coefficient, a property that 
is essential for any application taking advantage of the 
two-beam coupling process. 

If one uses 2 0 the electro-optic coefficient and the diffrac
tion efficiency of the PVK:FDEANST:TNF composite to 
estimate the space charge field, the computed value 
would be larger than the applied field, which is not 
physically possible. This contradict ion led the I B M 
group to develop a new mechanism for polymeric pho
torefractivity based on the ability of the N L O chro
mophores to orient in the total electric field at the tem
perature of the experiment. This orientational enhance
ment mechanism 2 0 takes into account the fact that the 
spatially modulated space-charge field can also orient 
the N L O chromophores . Because of this, both the 
hyperpolarizability and the birefringence (polarizability 
anisotropy) of the N L O chromophore can contribute to 
the measured diffraction efficiency. The enhancement 
from this effect for P V K : F D E A N S T : T N F was estimated 
to be as large as a factor of 20. It is worth remembering 
that orientational enhancement is not present in inor
ganic or crystalline organic photorefractives, which lack 
chromophore mobility. 

A new paradigm based on dual-function dopants 
Recently, the problem of prov id ing a high volume 
fraction of nonlinear chromophore and a high volume 
fraction of charge transport agent was addressed by 
using a dual - funct ion dopant, i.e., a chromophore 
with both optical nonlinearity and charge transport
ing ability like the molecule D T N B I in Figure 2. Such 
dopants can be added to an inert polymer binder such 
as poly(methyl methacrylate) ( P M M A ) along with a 
dash of sensitizer to form a useful PR polymer. 

For instance, the properties of the combinat ion 
P M M A : D T N B I : C 6 0 and related materials were recently 
repor ted . 2 1 - 2 3 Materials in this class have shown the fol
lowing properties: (a) quasi-nondestructive reading 2 1 at 
sufficiently low reading intensity, (b) enhancement of 
diffraction efficiency and patterning by optical trap 
activation, 2 2 (c) long dark lifetime (ca. four days), and 
(d) high diffraction efficiency and ga in 2 3 (5 % in 125 
μ m thickness, 34 cm-1 net gain at 40 V / μ m ) . 

Stratified volume holographic optical elements 
In order for photorefractive polymers to be useful for 
optical holographic data storage applications, both the 

number of potential images stored in the polymer as well 
as their diffraction efficiencies must be maximized. Both 
goals can be accomplished by increasing the thickness of 
the polymeric materials substantially over that of current 
samples (125 μ m ) . Because large electric fields must be 
applied, the most promising route to creating thicker 
samples is by stacking multiple layers of the photorefrac
tive material together (separated by insulating spacers 
with transparent electrodes patterned on both sides), cre
ating a stratified volume holographic optical element 
(SVHOE) . To this end, a four-layer device (500 μ m total 
polymer thickness, 950 μ m total thickness) has been fab

ricated 2 4 using the polymer P M M A : D T N B I : C 6 0 . By con
trolling which layers of the four-layer sample have elec
tric field applied, the angular selectivity of the sample 
with one, two, three, and four active layers was shown to 
be in agreement with theoretical predictions. 

Recent high-efficiency materials 
A further mi lestone was reported recently by the 
Arizona g r o u p . 2 5 , 2 6 The investigation was performed 
on a polymer composite based on P V K . Photosensitiv
ity in the visible region was provided by the charge-
transfer complex that P V K forms with TNF . The azo
dye 2,5-dimethyl-4-(p-nitrophenylazo)anisole ( D M N 
P A A , Fig. 2) was used as the N L O chromophore. N
ethyl-carbazole (ECZ) was added as an additional plas
ticizer to further decrease the glass transition tempera
ture, T g , of the material. 
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Figure 2. Structures of materials described in this paper. For full names see text and 
Refs. 6 and 26. 



Figure 3. Diffraction efficiency measured for a p-polarized reading beam as a function of 
applied field in a degenerate four-wave-mixing experiment in DMNPAA:PVK:ECZ:TNF with 

s-polarized writing beams. Inset shows the measured field dependence of the beam 
coupling gain coefficient for a p-polarized beam. 

The index grating recorded in 
the PR material was read out in a 
degenerate four-wave-mixing 
geometry by a weak probe beam 
counterpropagating with one of the 
writing beams. The diffraction effi
ciency, η p , for p-polarized readout 
and s-polarized writing beams 
increases as the poling electric field 
is increased and reaches a maxi
mum of ηp = 86% at E1 = 61 V/μm 
(see Fig. 3). The transmitted light 
intensity shows the opposite behav
ior; at E1, it almost vanishes (T= 
2%). Obviously, the refractive index 
modulation amplitude, Δn, at this 
particular voltage is such that the 
incident light is completely diffract
ed. The maximum achievable dif
fraction efficiency is limited by the 
losses of 12% due to absorption 
and reflection. Further increase of 
the electric field (and therefore, Δn) 
leads to periodic energy transfer 
between the diffracted and the 
transmitted beam, consistent with 
Kogelnik's coupled wave model; at 
E 2 = 81 V / μ m all light is again 
directed into the original probe 
direction. 

As described above, two-beam 
coupling, which corresponds to the 
amplification of one beam at the 
expense of the energy loss of the 
second beam, is a verification of the 
PR nature of the recorded grating. 

The two-beam coupling results 
depend on both the index grating 
amplitude and its phase shift. As 
shown in the inset of Figure 3, the 
steady-state gain coefficient for p-
polarized beams, Γ, increases 
monotonically with the external 
field E, yielding Γ = 220 cm-1 at E = 
90 V/μm. The gain far exceeds the 
absorption in the sample at this 
voltage (α = 13 cm - 1), giving a net 
optical gain of Γ n e t = 207 cm - 1 . 

The greatly improved perfor
mance of this new material is prob
ably due to a combination of four 
effects. First, higher electric fields 
up to 100 V /μm could be applied, 
and since the refractive index mod
ulation scales as the square of the 
field in most materials, higher dif
fraction efficiencies and gain coeffi
cients could be obtained. Second, a 
plasticizing agent, N-ethyl-car-
bazole, is intentionally added to 
lower the glass transition tempera
ture. This causes a given applied 
electric field to produce more align
ment of the chromophores and 
hence more optical nonlinearity. 
Third, Meerholz et al., suggest that 
the large response is partly due to 
the orientational enhancement 
mechanism20 described above. This 
effect depends on the ability of the 
chromophores to orient in the total 
electric field at ambient tempera

tures so that both the birefringence 
of the sample and the electro-optic 
coefficient are periodically modu
lated by the space-charge field. 
Although the NLO chromophore 
DMNPAA does not have a larger 
hyperpolarizability than the earlier 
FDEANST, the new chromophore 
would be expected to yield a larger 
birefringence contribution to the 
diffraction efficiency. Finally, it is 
worth remembering that the size of 
the space-charge field that can be 
attained depends on the density of 
suitable traps in the material, and 
the identity of the traps is unknown 
at present. The starting materials 
may have had an unusually large 
trap concentration. Further 
research is required to reach a more 
complete understanding. 

Outstanding issues for photore
fractive polymers 
To be truly useful for applications, 
PR polymers have to show properties 
in addition to high diffraction effi
ciency and speed. Stability, repeata
bility, low fatigue during multiple 
writing-reading cycles, and tolerance 
to temperature changes must be 
demonstrated. For example, when 
the doping level is too high, the situ
ation is ripe for crystallization and 
phase separation of the chro
mophore, resulting in a loss of opti
cal quality. Recent measurements at 
IBM have shown that the lifetime of 
the prepared samples depends 
strongly on the type of PVK used to 
make the composite mixture. 

For holographic optical storage 
applications, further properties are 
required, such as long dark lifetime, 
extremely low background scatter
ing (high optical transparency), 
thick samples, and asymmetry 
between reading and writing (non
destructive reading). There is no 
physical reason why these proper
ties cannot be included in photore
fractive polymers and the flexibility 
already demonstrated in these 
materials provides hope that a com
bination with all the required prop
erties can be found. 

Despite the fact that PR poly
mers were first identified less than 
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four years ago, their index modulation and net gain at 
present are superior to that for some of the well-known 
and much more extensively studied inorganic crystals 
such as LiNbO3, SrxBa1-xNbO3, Bi 1 2SiO 2 0, KNbO3, and 
BaTiO3. Much remains to be done, however, before true 
practical application can occur, because other properties 
such as optical quality and grating storage lifetime have 
to be optimized. In any case, the wide array of new 
materials and the leaps in performance by orders of 
magnitude over just a few years provide a testament to 
the flexibility and promise of photorefractive polymeric 
materials. 
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