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Photopolymers are very interesting as optically sensitive recording media due to the fact that they are inexpensive, self-processing
materials with the ability to capture low-loss, high-fidelity volume recordings of 3D illuminating patterns. We have prepared this
paper in part in order to enable the recognition of outstanding issues, which limit in particular the data storage capacity in holo-
graphic data storage media. In an attempt to further develop the data storage capacity and quality of the information stored, that is,
the material sensitivity and resolution, a deeper understanding of such materials in order to improve them has become ever more
crucial. In this paper a brief review of the optimisation of photopolymer materials for holographic data storage (HDS) applications
is described. The key contributions of each work examined and many of the suggestions made for the improvement of the different
photopolymer material discussed are presented.

1. Introduction

Despite improvement to a range of standard storage media,
such as solid state memory/magnetic tape [1], there is an
every growing need to increase the capabilities and flexibility
of data storage systems. To succeed further in the data storage
market, optical storage technology must compete effectively
against magnetic tape on all fronts: cost, capacity, and data
transfer rate [2]. One great potential optical method uses a
holographic approach, where recorded data are distributed
throughout the volume of a thick medium. Photopolymer
materials are being actively studied for practical applications
such as Holographic Data Storage (HDS), hybrid optoelec-
tronics, photo embossing, including the manufacture of
refractive and diffractive optical elements, and the self-trap-
ping of light [3–9]. Their versatility, ease of use, and self-
processing ability give them many advantages over more tra-
ditional materials such as silver halide and DCG [10, 11]. The
necessity for development and optimization of a photopoly-
mer system, with higher storage capability and stability, has

been recognized, and they have recently received significant
attention.

In this paper, we review recent attempts to more fully
understand what is needed to optimise the performance of
photopolymer materials for HDS applications. Specifically
we aim to discuss the evolution of our understanding of what
takes place inside these materials and what happens during
and after holographic recording, with the objective of further
improving the performance of such materials.

The paper is structured as follows. In Section 2, we briefly
review the photochemical processes generally occurring
during the fabrication of refractive index structures in free-
radical photopolymerisation material systems. In Section 3,
a description of some typical measurements performed in
order to optically characterise photopolymer materials is pre-
sented. In Section 4, we begin by briefly discussing a range of
different photopolymer materials, which are currently being
developed for potential use as HDS media. Then an overview
of optimisation of photopolymer materials in the litera-
ture is presented. A brief conclusion is given in Section 5.
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A discussion of several issues, which limit the performance
of such materials and some potential improvements, is
presented.

2. Photochemical Processes

In typical free radical photopolymerization systems, the
kinetic model describing what takes place involves five main
processes: (I) initiation, (II) propagation, (III) termination,
(IV) inhibition, and (V) chain transfer, each of which may
involve several physicochemical reactions. We discuss the
major chemical reactions taking place in each process below
[12–16].

(I) Initiation. During illumination, the reaction between the
photosensitiser and the electron donor (coinitiator) leads to
the production of initiator radicals, R•, which can react with
the monomers to produce chain initiators, M• [14]:

I
hv
→ R•,

R• + M
ki→ M•,

(1)

where I is the initiator, hv indicates the energy absorbed from
a photon, ki is the chain initiation kinetic constant, and M
represents a monomer molecule.

(II) Propagation. The chain initiator, M•
1 , will attach itself

to another monomer molecule, M, by addition to the C=C
bond yielding a growing polymer radical with an active tip.
Through propagation the polymer chain grows [11, 12]:

M•
n + M

kp
→ M•

n+1, (2)

where kp is the rate constant of propagation and M•
n and

M•
n+1 are the growing macroradical chains of n and (n + 1)

repeat monomeric units (n ≥ 1).

(III) Termination. Termination can occur in three ways. Two
of these, disproportionation and combination, involve two
growing macroradicals interacting, that is, the bimolecular
termination mechanism:

M•
n+ M•

m
ktc→ Mn+m,

M•
n+ M•

m
ktd→ Mn + Mm,

(3)

where ktc and ktd are the rate constants of combination and
disproportionation termination, respectively. Mn,Mm, and
Mn+m represent terminated chains which have no radical tip,
that is, a dead polymer chain.

A third possible termination mechanism involves pri-
mary radical termination [14, 17]:

M•
n + R•

ktp
→ MnR, (4)

where ktp is the rate constant of primary radical termination.
In this step, a growing macro-radical chain reacts with a pri-
mary radical (initiator radical) leading once again to the
production of inactive or dead polymer chains [14].

(IV) Inhibition. Inhibitors are chemicals which react with
the initiating and propagating radical species by rapidly
removing or scavenging these radicals. Polymerization is
completely halted until they are all consumed [13]. Several
possible inhibitor reaction mechanisms are listed below:

Dye∗ + Z
kz,D
→ LeucoDye + Z∗,

R• + Z
kz,R•

→ (R + Z•, and/or RZ•),

M•
n + Z

kz,M•

→ (Mn + Z•, and/or MnZ
•),

(5)

where Z is the inhibitor species, for example, oxygen, Dye∗

is the excited photosensitiser, Z• is the concentration of
singlet oxygen [13, 16–18], and kz,D, kz,M• , and kz,R• are
the rate constants of inhibition of the photosensitiser, the
macroradicals, and the primary radicals, respectively. Inhi-
bition leads to a dead band at the start exposure, that is,
no initial grating formation during exposure. The effects
of inhibitors are especially significant when lower exposure
energies are used, for example, when large areas must be
exposed or short pulses must be used [14].

(V) Chain Transfer Mechanism. In many polymerization sys-
tems, the average polymer weight is observed to be lower
than predicted by the chain transfer reaction [13, 19–21].
Generally, the chain transfer process causes the premature
termination of a growing macro-radical chain and arises
because of the presence of a chain transfer agent (CTA) [13].
Due to this reaction, a new radical is produced which is
referred as a reinitiator. This reinitiator reacts with a mono-
mer molecule to initiate a new growing macro-radical chain.
The chain transfer reactions can be written as

M•
n + (RI− X)

ktr,s
→ (Mn − X) + RI•,

RI• + M
kri→ (RI−M•),

(6)

where RI-X is the chain transfer agent, -X is the atom or
species transferred, and RI• is the reinitiator which has
a radical tip. ktr,S and kri are the transfer rate constant
to chain-transfer agent and the re-initiation rate constant,
respectively. Due to the premature termination reaction with
the chain transfer agent, RI-X, the propagating polymer
chains will stop growing earlier than they would have if the
CTA was not present. We assume that the free radical RI-M•

produced can be treated as acting chemically identical to a
chain initiator M•. Therefore the reinitiator, RI•, simply ini-
tiates a new growing chain with a radical tip M•. Thus, while
the polymer chains are shortened, the amount of monomer
polymerized and the rate of polymerization can remain high.

In the above we have presented the main photochemical
processes which take place in general free-radical pho-
topolymerisation materials. However, the processes may vary
in complexity and significance in different photopolymer
systems. Furthermore, Figure 1 illustrates simple 1D grating
formation process in such a photopolymer material. It can
be seen from the schematic that polymerisation occurs most
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Figure 1: Grating formation in photopolymer where (a) represents
the sinusoidal illuminating intensity distribution at the plate; (b)
represents the photopolymer layer before recording; (c) represents
the photopolymer layer during recording.

strongly in the bright regions of high exposure due to the
sinusoidal illuminating intensity pattern. As monomer is
consumed in these regions due to polymerisation, a mono-
mer concentration gradient is created. In the weakly illumi-
nated regions, the excess monomer diffuses into the brighter
regions in order to eliminate the resulting concentration
gradient. This is illustrated in Figure 1(c). As a result, a
sinusoidal polymer concentration distribution is formed.
Assuming all the monomer is converted to polymer by the
end of the recording process, the spatial variation in the
permittivity of the material will be related to the polymer
concentration distribution. Thus a permanent modulation of
the layer permittivity is generated; that is, a volume refractive
index grating structure is produced.

3. Holographic Setup and Measurements

In order to optically characterise holographic recording
materials, the gratings fabricated are often modeled using
Kogelnik’s two-wave coupled-wave theory [22]. In 1981,
Moharam and Gaylord [23] presented a rigorous coupled-
wave approach, which included the second derivatives and
boundary diffraction, to obtain a stable algorithm for thick
material layers. More rigorous models have been developed,
see Syms [24], based on the electromagnetic theory, in order
to explore more accurately what happens in volume (thick)
hologram. Comparing with the simple coupled wave theory,
such models can involve the use of complex computational
techniques but deal with more complicated grating struc-
tures. Kogelnik’s two-wave coupled-wave theory is both
simple and practical and describes the efficiency with which
thick holograms can diffract incident light. Analytic expres-
sions for both the angular and wavelength dependence of
sinusoidal grating diffraction efficiency as the incident light

deviates from the Bragg condition are available. Thus the
dependence of the diffraction efficiency, η(t), on a number
of grating parameters is known. For a lossless, unslanted
transmission geometry grating replayed on Bragg with TE-
polarized probe light [22], that η(t) is described by the
following equation:

η(t) =
ID(t)

Iin
= sin2

(

πdn1(t)

λ cos θ

)

, (7)

where Iin and ID(t) are the incident and diffracted probe
beam intensities, respectively, d is the grating thickness, θ and
λ represent the Bragg angle and wavelength of the incident
probe beam inside the grating layer, and n1(t) is the ampli-
tude of the first harmonic time-dependent refractive index
modulation. We note that in deriving (7), all boundary
reflections have been neglected. This equation can be rear-
ranged to give a convenient expression for the temporally
varying refractive index modulation, n1(t), as follows:

n1(t) =
λ sin−1

(√

η(t)
)

cos θ

πd
. (8)

By monitoring the amount of light diffracted from a
weak probe beam during exposure, ID(t), growth curves of
refractive index modulation against exposure time can be
extracted. In most of the literature, reviewed below, such
growth curves are used to monitor grating formation. A
typical experimental setup used to obtain such growth curves
is presented in Figure 2 [25].

During the recording process, the evolution of the grating
in real time is monitored. One of the main advantages of
many photopolymer materials is that they are self-processing
and thus nonlatent [22], and therefore the diffractive scat-
tering properties are immediately available as the grating is
being formed. This allows the evolution of the grating to be
monitored during exposure by replaying the grating as it is
being recorded using a probe laser with a wavelength which
lies outside the absorption spectrum of the photosensitizer
used. This ensures that the probing does not affect the fabri-
cation process. Using the setup as showed in Figure 2, it is
possible to monitor the grating formation (growth curve)
by recording the intensity of the diffracted beam, ID(t), to
estimate n1(t) using (8). The angular response of the grating
can also be obtained by introducing a rotation stage into the
setup. The resulting system allows the recording of grating
arrays, and appropriate processing of the measured intensity
data allows other grating parameter values to be extracted,
that is, grating thickness and nonuniformities [22, 26].

4. Photopolymer Materials and Optimisations

Photopolymers generally consist of a monomer, a photosen-
sitive dye, and an initiator. They can either be liquid or dry
layer systems. The dry photopolymers usually contain a poly-
meric binder in addition to the other components in order
to produce dry photopolymer layers. Several photopolymer
materials, which have received attention during HDS media
studies, are now discussed.
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Figure 2: Typical experimental setup to record unslanted volume transmission holographic gratings with a recording wavelength of λ =
633 nm and a probing wavelength of λ = 430 nm.

Photopolymers were first introduced as a holographic
recording material by Close et al. in 1969 [27]. This liquid
state material consisted of a mixture of acrylamide and metal
acrylate monomers and a photocatalyst, methylene blue.
Sadlej and Smolinska [28] improved the original system pro-
posed by Close by including a polyvinyl alcohol (PVA) binder
which allowed the production of dry photopolymer layers. In
the 1980s, Calixto [29] continued the work on acrylamide-
based systems. The material contained acrylamide monomer,
TEA as an electron donor, methylene blue photosensitizer,
and PVA as a binder. Blaya et al. [30] improved the sen-
sitivity of the acrylamide material for recording at 633
nm by changing the cross-linker, N,N′-(1,2-Dihydroxyethyl-
ene)bisacrylamide. A hybrid material containing acrylamide
and acrylic acid as monomers was proposed by Zhao et al.
[31]. The material uses methylene blue as the photosensitizer,
TEA and p-toluenesulfonic acid as sensitizers, and gelatin as
a binder.

Trentler et al. [32] developed an epoxy resin photopoly-
mer material with a solid matrix, which is formed in situ as
the epoxy cures at room temperature. The unreacted vinyl
monomers within the material are subsequently photopoly-
merized during hologram recording. One of the key features
of this type of material is the separation of the epoxy and
vinyl polymerizations. This separation allows for a large
index contrast to be developed in holograms when com-
ponents are optimized. This material is functional in thick
formats (several millimetres), which enables narrow angular
bandwidth and high diffraction efficiency. A dynamic range
(M/#) up to 13 has been measured in these materials.

Eich et al. [33] introduced a type of photopolymer mate-
rial with liquid crystals, which offered a completely different
method for optical data storage. Following this work, various
functionalized systems, with liquid crystals and/or optical
chromophores, commonly referred in the literature as pho-
toaddressable polymers (PAPs), were developed. Zilker et al.
[34] improved these types of materials by introducing a new
concept, donor-acceptor substitutions, which lead to an
increase of the interaction between azo and mesogen groups.
A refractive index modulation up to 0.2 has been obtained in
these materials.

While materials above have received much attention in
the literature, attempts have also been made to improve
the refractive index modulation of a photopolymerizable
medium by introducing diffusible high refractive index
species, such as titania nanoparticles, into the regular photo-
polymerisable layers. The refractive index modulation in
such materials is comparable to those for holographic poly-
mer-dispersed liquid crystals [35]. This type of approach also
offers one possible way to suppress the effects of polymer
shrinkage, which occur due to volumetric changes during
photopolymerisation process [35].

In 1998, Blaya et al. [36] investigated the effects of the
addition of a cross-linking agent (N,N′-methylenebisacryl-
amide) to a photopolymerisable matrix for HDS. A nonlinear
response of the material with regard to the storage intensity
was observed. Diffraction efficiency of around 88% was
obtained with energy exposure of 12 mJ/cm2. At that time,
the sensitivity of this material approached that of commercial
films without the use of postprocessing, which was necessary
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in other materials. Later in 1998, the effects of the exposing
intensity, the thickness, and the variation of the concen-
tration of each component were experimentally examined
by Blaya et al. [37]. Diffraction efficiencies of 80%, with
energetic sensitivities of 40 mJ/cm2, were obtained in pho-
tosensitive films of a 35 µm thickness at a spatial frequency of
1000 lines/mm.

In 1999, Mallavia et al. [38] developed a photopolymer-
izable system composed of a xanthene dye and N-methyl-
diethanolamine (MDEA) as photoinitiator with a monomer
mixture of 2-hydroxyethyl metacrylate (HEMA) and pen-
taerythritol triacrylate (PETA). The best results reported
were diffraction efficiencies over 40% with energetic expo-
sures of 800 mJ/cm2, with a decrease of inhibition time when
high concentrations of PETA (>67%) were used.

At the same time, Fimia et al. [39] reported a new aque-
ous photopolymer containing the monomers acrylamide,
N,N′-methylenebisacrylamide and zinc acrylate, the initia-
tors 4,s-diiodosuccinylfluorescein (2ISF) and methylene blue
(MB), and the coinitiator sodium p-toluenesulphinate. This
formulation enhanced the high-energy sensitivity at 514 or
633 nm, compared to that of the same mixture but with only
one of the two dyes. Maximum diffraction efficiencies of 15–
20% for 15–60 mJ/cm2 were reached, due to the combined
action of the cationic and anionic dyes as visible photoini-
tiators. The enhancement observed, which arose due to the
developer mixture in photographic emulsions, suggested that
such mixture could be of potential utility when recording
multifunctional diffractive systems.

In 2000, Karpov et al. [40] proposed a theoretical model
for hologram recording in photoformers (polymer aggre-
gates with polymerization diffusion mechanism of refractive
index modulation and/or absorption coefficient modula-
tion). This method is derived from the rate equations, which
describe the sequence of chemical transformations in the
photoformer under illumination using an appropriate wave-
length and power. A set of equations which take into account
the nonlinear diffusion and the multicomponent diffusion
(monomer, polymer, holes) effects is presented. This model
is then fitted to experimental data in an attempt to estimate
the kinetics involved during photopolymerization, such as
the polymer chain termination order and diffusivity.

In 2001, O’Neill et al. [41] examined the use of an aerosol
sealant (varnish) to seal the photopolymer holographic
recording material from the environment. Application of
the sealant was found to produce some deterioration in the
optical quality of the resulting holographic optical elements
(HOEs). It was also shown to produce an increased lifetime
of the active material (prerecording), an increase in the dif-
fraction efficiency from the resulting diffraction gratings
recorded, and improved HOE shelf life. While some of the
material characteristics were improved by the introduction
of the varnish layer, an increase diffuse scatter was observed
during the recording layers producing. This technique was
chosen to replace coverplating as it was found to be a cheaper
and simpler way to seal the photopolymer recording material
from the environment. The coverplating material in general
leads to better humidity stability and more stable long-term
diffraction efficiency.

In 2002, in work reported by Yao et al. [42], an acrylam-
ide-based polymeric film was optimised and characterised
for holographic recording. Diffraction efficiencies of 55%,
with the energetic sensitivity of 60 mJ/cm2, were obtained in
the photosensitive films of 150 µm thickness with a spatial
frequency of 2750 lines/mm. The paper indicated that each
component had an optimal concentration and that it is not
the case that the higher the concentration, the better the
holographic recording characteristics. The effects of several
components’ concentrations were examined experimentally
in this work.

In the same year, Suzuki et al. [35] demonstrated stable
holographic storage in the green with high diffraction effi-
ciency and recording sensitivity in TiO2 nanoparticle-dis-
persed methacrylate photopolymer films. It was shown that
the diffraction efficiency as well as the recording sensitivity
significantly increases with increasing nanoparticle concen-
tration. It was also found that volumetric shrinkage during
holographic exposure is noticeably suppressed by their inclu-
sion. A fractional change of 2.9% in thickness was estimated.
A refractive index modulation of 5.1 × 10−3 with sensitivity
S = 1.8× 10−3 cm2/J in this material was reported.

In 2003, Tomita and Nishibiraki [43] extended the results
in [35] reporting a more than one-order-of-magnitude
improvement in holographic recording sensitivities in the
green by doping pyrromethene dyes into SiO2 nanoparticle-
dispersed methacrylate photopolymer films. Holographic
recording dynamics were measured for several dye concen-
trations and writing intensities. It was found that there exists
an optimum recording intensity for a given dye concentra-
tion to maximize the strength of a permanent (fixed) volume
hologram. It was shown that the doped dye concentrations
lower than 0.1 wt% were preferable when the thickness of
sample layer is 50 µm. The sample with 0.05 wt% of dye
doped increased sensitivity S and dynamic sensitivity S∗

that were 9 and 12 times the values, 4.2 × 10−4 and 1.2 ×
10−4 cm2/J, for undoped sample.

Later in the same year, Blaya et al. [44] also reported a
photopolymerisable dry polymeric film based on pyrrome-
thene dye. This new composition was based on three com-
ponents: poly-(methylmethacrylate) (PMMA) as a binder,
2-hydroxyethylmethacrylate (HEMA) as a monomer and
1,3,5,7,8-pentamethyl-2,6-diethylpyrromethene-, difluorob-
orate as photoinitiator. Diffraction efficiencies near 60%
were obtained with exposures of ≈1 J/cm2 in 500 µm thick
layers. The properties of the material were also examined
when the concentration of monomer and the exposing
intensity were changed. Good results were obtained for low
exposure intensities, which imply that this material could be
used for low power applications.

Ortuno et al. [45] developed a method of preparing
layers of a polyvinyl alcohol/acrylamide-based photopolymer
approximately 1 mm thick. Optimization of this material
made it possible to obtain diffraction efficiencies up to 70%
and energetic sensitivity of 50 mJ/cm2. In order to increase
the final thickness of the layer, the PVA concentration in
the initial solution was increased; because of this, a greater
amount of water is retained by the PVA in the dry layer.
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In 2004, Cho et al. [46] reported that both the diffrac-
tion efficiency and morphology of holographic gratings
were improved by combining ring-opening polymerizable
epoxides with radical polymerizable conventional acrylate
systems. By adding epoxide materials, the grating spacing was
increased when compared with the case where only acrylate
was used. The effects were especially notable for cyclohexane
oxide derivatives. The diffraction efficiency was the highest,
and nanoscale phase-separated liquid crystal domains were
the most clearly formed using siloxane-containing cyclo-
hexane oxide group, due to both their incompatibility with
other components and fast curing. Their addition to ordi-
nary vinyl polymerization system also reduced the volume
shrinkage. However, specific values regarding the diffraction
efficiencies and shrinkage obtained were not presented in this
work.

In 2005, McLeod et al. [47] showed that with the addition
of a reflecting head and a confocal pinhole, a standard optical
drive can read and write many layers of microholographic
tracks in a rapidly rotating, homogeneous holographic pho-
topolymer disk. The analysis revealed that the index change
available for each layer is the total possible change over the
number of layers, analogous to results for page-based holo-
graphic multiplexing. The experiment demonstrated that
photopolymer materials specifically developed for page-
based holographic storage could potentially be used in a
modified traditional optical drive to achieve performance
comparable with page-based holographic storage but at a
reduced write/read system complexity. In comparison with
page-based holographic storage, the rapid-disk rotation of
the bit-based storage permits faster access time, and the total
addressable storage space was shown to be as large as page-
based systems at comparable operating points. The analysis
was experimentally validated at 532 nm by writing and
reading 12 layers of microholograms in a 125 µm photopoly-
mer disk continuously rotating at 3600 rpm. The experi-
mental results predicted a capacity limit of 140 Gbytes in a
millimeter-thick disk or over 1 Tbyte in a system using the
wavelength and numerical aperture of Blu-Ray technique.

Kelly et al. [48] proposed an extension to the nonlocal
polymerization-driven diffusion model (NPDD) model [49,
50] to account for the temporal response associated with
polymer chain growth. This was achieved by including
an exponential temporal material response along with the
nonlocal spatial material response function. Previously, all
temporal effects were assumed to be instantaneous and were
neglected. Using RCWA and the Lorentz-Lorenz expression,
the temporal evolution of refractive index modulation was
determined during and after illumination. Comparisons
were then made between the theory and experiment for two
models. In the first, the dominant termination mechanism
was assumed to be bimolecular, while in the second, primary
termination was assumed to be dominant. Material parame-
ters were then extracted based on best fits to the experimental
data for both models. For the two models examined, values
for the diffusion coefficient were found to be of the order,
D ∼ 10−11 cm2 s−1, the nonlocal spatial response parameter
was found to be

√
σ ≈ 60 nm, and the nonlocal temporal

response parameter was found to be τn ∼ 0.1 s. The best fits,

that is, higher correlation, to the experimental data were
achieved assuming the primary termination model.

O’Neill et al. [51] examined the temporal evolution of the
optically induced surface relief pattern in acrylamide-based
holographic recording materials during and after exposure
to intense light. In this work, they examined the effects of
coherent exposure energy and mask pattern on the final
surface relief pattern. The temporal evolution of the exposed
spot was estimated. The 44 µm thick photopolymer layer was
exposed using a 24 mJ/cm2 beam. It clearly showed that there
is an initial shrinkage,∼0.34 µm, followed by a period during
which swelling occurs. The resulting profile was a pedestal
∼1.2 µm in height. The effects of varying the exposure energy
on the resulting temporal behavior of the central height were
also examined. The height parameter was defined as the
difference between the edge and the center of the exposure.
The material variation increases with increasing intensity as
was expected. From an examination of the effects of exposing
the layer with both single-beam and double-beam (holo-
graphic) illumination, it was found that although the
swelling is less for the two-beam recording, it is still appre-
ciable. The layers examined were 47 and 50 µm thick for the
double-beam and single-beam exposures, respectively. The
exposure energy in both cases was ∼240 mJ/cm2. This result
has implications for holographic recording in this material
as shrinkage/swelling of the material can result in Bragg
detuning effects, which are important for slanted gratings
recording. This study also showed that it is possible to use
the volume change in holographic recording materials to
produce patterned surfaces.

In 2006, Wei et al. [52] presented a dual-channel holo-
graphic recording technique and its corresponding memory
scheme using a cationic ring-opening photopolymer. In this
dual-channel technique, a pair of holograms is recorded
simultaneously with two orthogonal polarization channels
in the common volume of the material and is recon-
structed concurrently with negligible interchannel crosstalk.
A holographic memory system with equal diffraction inten-
sities (in each page) was developed by combining the dual-
channel technique with a speckle shift multiplexing method.
In addition, this system used only one 4-f optical head to
transfer the pair of data pages with orthogonal polarization.
This simultaneous use of the two channels provided a
compact system with a fast data transfer rate in both the
recording and reading processes.

In the same year, Tomita et al. [53] reported the use of
hyperbranched polymers (HBPs), acting as mobile organic
nanoparticles, dispersed in methacrylatephotopolymersfor
highly efficient volume holographic recording. Two types
of reduced HBPs, hyperbranched poly (ethyl methacrylate)
(HPEMA) and hyperbranched polystyrene (HPS), having
the average size of 10 nm were synthesized. This type of mate-
rial provided diffraction efficiency near 100% at a recording
intensity of 100 mW in the green (532 nm) recording.
An approximately 60% reduction in the fractional volume
change was obtained compared to the undoped material
sample; that is, there was substantial polymerization-shrink-
age suppression in this photopolymer system.
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John et al. [54] developed a new erasable photopoly-
merisable recording media based on poly (vinyl alcohol)
and vinyl acetate (PVA and VAc) sensitized with methylene
blue. The PVA-VAc ratio was optimised at 2 : 1. Diffraction
efficiency of 6.3% was obtained without any fixing at a dye
concentration of 9.3×10−4 mol/L and an exposure of 750 mJ/
cm2. The material is attractive on account of its reusability.
The recorded gratings were found to remain in the material
for 24 hours with a continuous fall in diffraction efficiency. In
order to examine the reusability of the MBPVA/VAc system,
gratings were again recorded on the same area of the same
film after 24 hours, that is, after the absorption spectra
showed complete recovery. Their results showed that the
MBPVA/VAc system could be reused 24 times. Being an inex-
pensive, nontoxic material with high environmental stability
and good optical clarity, this material is of some interest
for rewritable holographic data storage.

Fernandez et al. [55] reported a combination of two
multiplexing methods, that is, peristrophic and angular mul-
tiplexing, for hologram recording in the acrylamide-based
photopolymer material layers. In order to obtain holograms
with higher and more uniform diffraction efficiency in thick
material layers, an optimised exposure schedule method was
used during the recordings. A dynamic range of M# = 8.7,
with an angular selectivity of 0.5◦, was obtained. Mean dif-
fraction efficiencies of 1.8% were also obtained from 60
holograms recorded.

In 2007, in order to enhance the material’s energetic
sensitivity, Jeong et al. [56] introduced an epoxy-resin cross-
linked matrix into an acrylamide-based photopolymer
material. Diffraction efficiency near 92% and an energetic
sensitivity of 11.7×10−3 cm2/J were achieved by the additions
of epoxy-resin-based matrix. Value of volume shrinkage of
0.67% was also obtained. It was found that the epoxy-resin-
based cross-link photopolymer with low cross-linking den-
sity, which could significantly enhance the energetic sensi-
tivity without reducing both the diffraction efficiency and
dimensional stability.

Ling et al. [57] used a triangle prism tilted at 13.7◦ to
the axis within the focus of a lens, in order to reduce the
depth variation of recording intensity in thick (1 mm) poly-
vinyl alcohol/acrylamide (PVA/acrylamide) photopolymer
layers. A mean diffraction efficiency of 9.5% was obtained
for the modulated recording lights. From the results, the
larger dynamic range, M# = 9.2, was obtained as a result
of decreasing the attenuation in depth of light of the mate-
rial.

Li et al. [58] demonstrated three-dimensional erasable bit
optical data storage in a quantum-dot doped photopolymer
under two-photon excitation using a near infrared femtosec-
ond pulsed laser beam. It was shown that the photorefractive
polymer, consisting of poly(vinyl carbazole), ethyl car-
bazole, 4-(dimethylaminobenzylidene)-malononitrile, and
CdS quantum dots (QDs), exhibited changes not only in
refractive index but also in fluorescence. It was found that,
after incorporating CdS QDs with a sulfur-rich surface, the
rewritable recording range of the sample was more than
200% that of the sample without QDs. Such a photosensitiv-
ity provided a multimode readout mechanism, which could

be potentially applied in multilayered 3D erasable bit optical
data storage.

Krul et al. [59] modified a photosensitive system based on
polymethylmethacrylate (PMMA) by the additions of rad-
ical copolymerisation of methylmethacrylate (MMA) with
acrylic acid (AA). This enhanced the adhesion to soda-lime
glass substrate, thus also improving the heat and thermal
stability of the resulting holographic gratings. Polymer films
deposited from samples of the copolymer of MMA with AA
containing 9,10-phenanthrenequinone additives were used
as a photosensitive material for the recording of holographic
gratings. Their results demonstrated that the system of
copolymer of MMA with AA was more stable and only
showed some deterioration at 200◦C. However, even in this
case it was possible to measure the DE, which then fell to
zero within 350 minutes. Therefore it was found possible to
generate gratings that are thermally stable up to 200◦C using
this modified PMMA material.

The effective optical thickness of the material layer, deff,
determines the width of the central lobe in the off-Bragg
response of the gratings recorded, and this parameter there-
fore governs the angular separation needed between two
consecutive holograms so that they may be read separately
with low crosstalk during read out. Gallego et al. [60] pro-
posed a new method to record many angularly multiplexed
holograms, having similar diffraction efficiency values by
taking into account the different effective optical thickness of
each hologram. The method therefore predicts the exposure
times required to obtain maximum storage capacity. AA/
PVA-based photopolymer material was studied in order to
analyse the different dependence of the effective optical
thickness on the number of holograms multiplexed.

Temperature changes during the recording process can
have a profound influence on the hologram medium: (1) the
exposing amount of energy to eliminate inhibiting by oxygen
is altered; (2) the material sensitivity and M/# are varied;
(3) the average refractive index changes and on-Bragg replay
angle variations are found; (5) changes are founded in the
monomer diffusion speed during the recording process. In
2008, Toishi et al. [61] proposed a compensation method
to suppress the effects of temperature change. Through a
description of how these parameters affect actual recording
properties, methods to compensate for and thus avoid these
problems were presented: (1) tuning of the preexposure
energy; (2) using the proper recording schedule for a given
temperature; (3) tuning the recording angle and wavelength;
(5) recording each hologram at high speed. These methods
then could be employed by actively detecting the medium
temperature during recording. It was also found that the
changes of the diffusion coefficient and the polymerization
rate primarily affected parameters such as M/#, the medium
recording sensitivity, the preexposure time, and the transmis-
sion rate.

Khan et al. [62] reported an efficient and solventless
processing technique for the fabrication of millimeter-thick,
high-quality optical films for holographic storage based on
a nondiffusion crosslinked photopolymer material. This was
achieved by incorporation of crosslinkable Dewar benzene
derivatives, which allowed the production of thick films
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that exhibit no diffuse light scattering and low absorption
cross-section at the desired recording wavelength. A variety
of photochemical reactions can be utilized to achieve such
refractive index modulation. However, very few reactions
exhibit quantum yields greater than unity, that is, where one
photon of light triggers numerous chemical reactions. This
nonlinearity and efficiency are essential for the high sensi-
tivity and ultrafast recording speeds required for commercial
holographic data storage. In examining other photochemical
reactions with quantum yields greater than unity, the iso-
merization of Dewar benzene was noteworthy due to its
very high quantum yield (>100 in solution). Additionally,
isomerization of Dewar benzene gave rise to a large change
in the electronic structure of the molecule and was therefore
anticipated to result in high refractive index modulation
upon photoisomerization. Utilizing 1 mm thick films of
the described recording medium, diffraction efficiencies of
up to 100% at a recording intensity of ∼6 mW/cm2 and
M/# > 6 were obtained. This work suggested that Dewar
benzene systems may be attractive candidates for write-
once-read-many (WORM) disk-based holographic memory
devices.

In 2008, Matusevich et al. [63] further developed the
material reported in [59] to investigate the contribution of
the absorption and phase gratings to the total diffraction
efficiency of volume holographic gratings, written in glass-
like polymer recording materials, based on poly(methyl-
methacrylate) and a thermostable derivative (copolymer
with acrylic acid) with distributed phenanthrenequinone
(PQ-PMMA). Absorption by the recording media decreased
following illumination and increased by heating. The maxi-
mal diffraction efficiency was 2% (0.5%) for absorption type
gratings and 32% (22.5%) for phase gratings in PMMA+AA
(PMMA). Refractive index modulations in the range 10−4–
10−3 were observed during recording. During heating the
diffraction efficiency of the absorption grating could reach
4% for PMMA, while for absorption grating in PMMA+AA
it was 0.3%. The total diffraction efficiency in saturation was
about 10% for both material samples.

McLeod et al. [64] demonstrated a three-dimensional
optical data storage system in an initially homogenous vol-
ume by first recording a reflection grating in a holographic
photopolymer. The volume data storage method used a
single read/write head locked, in radius and depth, to a pre-
fabricated volume servopattern. In addition, the power in the
writing focus did not depend on depth, and the reflection
efficiency of the bits was independent of the precise writing
mechanism. Difficulties associated with the use of two
opposing read/write heads were overcome by separating the
holograms from the write mechanism so that a single-head
optical drive could both read and write from one side of the
disk. Superposition of two or three of such gratings, with
slightly different k-vectors, created a track and layer structure
that specialized servodetection optics can use to lock the
focus to these deeply buried tracks. Writing was accom-
plished by locally modifying the reflectivity of the preexisting
hologram. This modification could take the form of ablation,
inelastic deformation via heating at the focus, or erasure
via linear or two-photon continued polymerization in the

previously unexposed fringes of the hologram. Moreover, by
fabricating the precision grating in the factory, the drive does
not require vibration isolation or a highly coherent laser,
both hallmarks of traditional holographic data storage. This
work suggested the strong possibility of TByte capacity in
submillimeter thickness disks of diameter 120 mm.

Gallego et al. [65] reported on the different values of
shrinkages or swelling of photopolymer layer by using a
reflection interferometer. Furthermore, these variations were
shown to depend on the spatial frequencies of the gratings
stored in the materials. Using this technique they measured
the variations of the layer refractive index and estimated
the polymer refractive index. Their results suggested that at
higher spatial frequencies, monomer diffusion from the dark
zones to the bright ones, together with surface tension effects,
could considerably affect the material volume changes. In
particular, molecular migration (mass transport) reduced
shrinkage. Values of shrinkage of around 2% (without cross-
linker) and 3% (with crosslinker) were obtained. This reduc-
tion was observed to increase with the spatial frequency and
with the monomer diffusion velocity.

Tomita et al. [66] examined thermal distortions of
volume holograms recorded in (meth)acrylate photopoly-
mers doped with SiO2 or ZrO2 nanoparticles. A holographic
method was used to evaluate the temperature-induced
Bragg-angle detuning of the recorded volume holograms as a
result of thermally induced refractive index and dimensional
changes. It was shown that thermal distortions could be
suppressed by reducing both the thermooptic coefficients
dn/dT and the out-of-plane linear coefficient of thermal
expansion, by the addition of inorganic nanoparticles to
the photopolymer. A reduction in the out-of-plane thermal
expansion by approximately a factor of 2 was observed.
Such an improvement, besides both extending the range of
operating temperatures (the increase in ∆n) and suppress-
ing polymerization-related shrinkage, suggested the value
of nanoparticle-polymer composite materials not only for
holographic data storage but also for other photonic appli-
cations, that is, for diffractive optical element fabrication, in
optical interconnects, for narrowband optical filters, and for
using displays.

One of the key predictions of the NPDD model [49, 50] is
that a reduction in the extent of the nonlocal effects within a
material will improve its high spatial frequency response. In
the work presented in 2008 by Gleeson et al. [67], the spatial
frequency response of an acrylamide/polyvinyl alcohol-based
photopolymer was improved through the addition of a chain
transfer agent (CTA), sodium formate. The CTA has the
effect of decreasing the average length of the polyacrylamide
(PA) chains formed, thus reducing the nonlocal response
parameter, σ while maintaining a high rate of polymerisa-
tion. In addition, this work indicated that the chain transfer
kinetic effects introduced by the CTA, which contribute to
the increased localization of the polymerization, include (a)
an increase in the concentration of the monomer radicals
available for bimolecular termination and/or (b) the effects
of less than 100% efficiency in the reinitiation process. A
significant reduction in the nonlocal parameter, from 63 to
50 nm, was obtained.
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Kelly et al. [68] proposed an algorithm, using a more
rigorous NPDD formulation, to determine an appropriate
holographic data storage recording schedule based on the
physical properties of the recording medium’s properties.
The predictions of the algorithm and the inverse-square
scaling law of holographic diffraction were examined experi-
mentally, for a peristrophic multiplexing scheme. The scaling
law was shown to significantly break down for low numbers
of high diffraction efficiency gratings. Using the algorithm,
a good correlation between the theoretically predicted and
experimentally achieved exposure schedules was found. The
largest discrepancy in all cases occurs for the final expo-
sure, where the reduced monomer concentration available,
and possible grating nonuniformities, strongly affects the
exposure schedule time. The examinations showed that for
multiple high diffraction efficiency gratings the scaling rela-
tionship, between the numbers of gratings recorded, broke
down but that this could be explained using Kogelnik’s
model.

In 2009, Choi et al. [69] proposed a new free radical poly-
merization holographic recording medium, based on low
shrink cyclic allylic sulfides (LS-CASs) ring-opening mono-
mers. For comparison, the LS-CAS monomer was replaced
with 4-bromostyrene. In ring-opening systems, a covalent
bond is broken within the molecule for every covalent bond
formed between the molecules. The result is the paradoxical
situation of there being no net bond formation during
the polymerization, and therefore ring-opening monomers
typically display at least half the shrinkage of a conventional
monomer of the same molecular weight. In this material sys-
tem, 6-methyl-3-methylene-1,5-dithiacyclooctane was used
as monomer. The percentage of volume shrinkage is mea-
sured to be 0.02%, with refractive index contrast of (1.01 ±
0.5) × 10−3. This result indicated that a fivefold decrease in
the volume shrinkage compared to 4-bromostyrene mono-
mer system.

Orlic et al. [70] examined different classes of organic
photosensitive materials in order to optimise the interac-
tion between the material and the surrounding read/write
optoelectronic system. Both cationic ring-opening and free
radical polymerization systems were investigated. Localised
recording of small volume reflection holographic elements,
that is, microgratings, enabled testing of a variety of exposure
conditions with a single record, allowing rapid optimisation
of the exposure conditions. For the purpose of testing and
investigating different photosensitive polymer materials, a
laboratory system was developed that allows for high flex-
ibility in their optical characterization experiments. While
the microlocalised recording setup was designed for record-
ing/readout at the optical resolution limit, the media tester
comprises objective lenses having lower numerical apertures,
and it was designed to operate with microgratings larger than
a few hundred nanometers. Methods of investigation include
spatial, spectral, and temporal measurements of the reflec-
tion diffraction efficiency at the individual recorded micro-
gratings. In this way, an optimised exposure scheduling was
achieved. The results confirmed that careful investigation
and optimisation of the exposure scheduling is necessary in
order to best use a specific photopolymer material.

Lin et al. [71] fabricated two photopolymer samples,
Irgacure 784 doped poly(methyl methacrylate) (PMMA)
and Irgacure 784 doped epoxy resin, using a two-step ther-
mopolymerization procedure. Comparing the experimental
results for Irgacure 784/PMMA to those produced using
PQ/PMMA, the M# was improved by a factor of 1.9, and
the sensitivity has been improved by a factor of 10. These
experimental results revealed that Irgacure 784 molecules are
efficient in increasing the holographic recording sensitivity
at 532 nm. By adding acrylamide (AA) and 2-hydroxyethyl
methacrylate (HEMA) monomers, together with photosen-
sitive DI and Irgacure 784 to form the doping solution,
and then using diglycidyl ether (BADGE) and N-(2-Amino-
ethyl)-3-aminopropyl-trimethoxysilane (3ABTS) together to
form a polymer matrix solution, they fabricated Irgacure
784 doped epoxy resin photopolymer. It was found that
the M# and sensitivity of the Irgacure 784 doped epoxy
resin are 5.49 and 26.65 cm2 J−1, respectively. The M# was
around 1.7 times larger, whereas the sensitivity was about 350
times higher than that of Irgacure 784/PMMA sample. These
results suggested that epoxy-resin matrix-based photopoly-
mer system provides an effective way to improve the holo-
graphic recording characteristics for volume data storage.

To improve the temperature tolerance of holographic
data storage systems, Tanaka [72] proposed a compensation
method adjusting the wavelengths and incident directions of
the recording and reading beams. The reading temperature
tolerance of a photopolymer medium recorded at 25◦C and
the tolerance of the recording and reading temperature are
calculated using the compensation method. Typically, the
reading tolerance is from −20.0 to + 26.0 K, and the record-
ing and reading tolerance is ±10.0 K. This suggested that, to
widen the tolerance, it was effective to increase the coefficient
of thermal expansion (CTE) of the substrate or to decrease
the CTE of the photopolymer, thereby reducing the differ-
ence of the CTEs.

In 2009, Kim and Chung [73] optimised a photopoly-
mer system made from complex compositions of binder,
photoacid generator (PAG), and sensitiser involving the
cationic ring-opening polymerization of 1,3-bis[2-(3-7-
oxabicyclo-[4.1.0]heptyl)]-tetramethyldisiloxane in the pres-
ence of polydimethylsiloxane, with four epoxide moieties as
a comonomer. It was found that when diffractive efficiency
values were compared quantitatively, in order to analyse the
effect of the binder on holographic photopolymerisation, the
diffractive efficiency was affected by the viscosity of the
mixture. Extremely low diffractive efficiency values were
observed when the immiscible dimethyl silicone was used as
a binder. The optimal conditions were also given in this work
as a binder viscosity between 250 to 390 cP, and binder, PAG,
and sensitiser content of 75–125 wt%, >6 wt%, and 0.05 wt%
compared to the total monomer mixture, respectively. This
work suggested that a chemical, which is miscible with the
monomer mixture, should be chosen as the binder when
carrying out further studies to improve this photopolymer
system.

All multilayer optical data storage methods, in which
bits are written in an initially homogeneous material, are
constrained by the imaging system phase aberrations that
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decrease the Strehl ratio (SR) as the number of layers and
the index perturbation (due to each bit stored) are increased.
Due to the complexities of accurately modelling the signal
in such systems (e.g., due to consumption of the materials
dynamic range out of focus exposures) and noise (e.g., due
to wavefront variance), many studies of 3D data storage
in homogeneous media were carried out experimentally.
Without suitable relationships indicating how a particular
experimental result can be extrapolated, comparison of dif-
ferent technological approaches is difficult. In 2009, McLeod
[74] carried out an investigation to establish the capacity
limitation on storage density with sufficient generality so that
it can be applied independently of the particular system: (i)
write mechanism, (ii) modulation code, (iii) nonlinearity of
the material response, (iv) details of the lens, and (v) the
disk geometry. The resulting equations for the Strehl ratio
(SR) of a spot focused through the disk are quite simple and
independent of the specific storage mechanism. Importantly,
they revealed several interesting scaling relationships. Such
scalings, even though derived via a number of approxima-
tions, provide a valuable method to evaluate and optimise
next-generation optical storage methods. It is noted that the
observed noise on the microholographic signal does not
appear to be due to changes in the induced wavefront aberra-
tion and thus must arise due to other qualities of the material
or optical system.

Gallego et al. [75] examined the influence of diffusion in
polyvinyl-alcohol/acrylamide at very low spatial frequencies,
that is, for spatial frequencies between 2 and 6 lines/mm, and
also the dark evolution of the grating shape. They demon-
strated the influence of the spatial frequency on the mag-
nitude and sign of the material volume variations. In this
work, they indicated that if the diffusion phenomena were
well predicted, it was possible to achieve diffractive gratings
with very high values of diffraction efficiency in the first
order (near 35%). These results are a significant preliminary
step to build diffractive elements with stable properties using
PVA/AA-based photopolymers.

Liu et al [76] reported on the fabrication of centimeter-
size transmission Bragg grating structure in semiconductor
CdSe quantum dots dispersed in 50 µm thick photopolymer
films. This was done by holographic assembly of CdSe
quantum dots in a photopolymerisable monomer blend.
This single-step holographic method, involving the so-called
holographic assembly of nanoparticles in polymer, does
not require a shadow mask and can fabricate centimeter-
size multidimensional photonic lattice structures. Periodic
patterning of CdSe quantum dots in polymer was confirmed
by a fluorescence microscope and confocal Raman imaging.
Because of the high refractive index of CdSe QDs and their
high thermal mobility, the diffraction efficiency from the
grating of period 1 µm was close to 100% in the green
with 0.34 vol% CdSe quantum dots, giving a refractive index
modulation as large as 5.1 × 10−3 at a recording intensity of
100 mW/cm2.

In 2010, Gleeson et al. [16] further developed the non-
local photopolymerization-driven diffusion (NPDD) model
to more accurately model the effects of (i) time-varying
primary radical production, (ii) the rate of removal of

photosensitizer, and (iii) inhibition. For the first time, the
spatial and temporal variations in primary radical generation
were included. These extensions provide a more physically
comprehensive theoretical representation of the processes,
which occur during free radical photopolymerization. The
model was also extended to incorporate the effect of oxygen
diffusion from outside the material layer by including a
rate of oxygen replenishment from the surrounding envi-
ronment. This allowed accurate modelling of the inhibition
effects, which dominate the start of grating growth. This
work provided a comprehensive approach to analyse and
optimise the photopolymer materials under low intensity
condition.

Omura et al. [77] further developed their nanoparticle-
polymer composite material by optimising the concentration
of ZrO2 nanoparticles at a wavelength of 404 nm. The depen-
dence of the polymerization kinetics on the concentrations
of initiator and ZrO2 nanoparticles in acrylate monomer
was examined using a photodifferential scanning calorime-
ter. The optimum concentration of ZrO2 nanoparticles to
maximise the polymerization rate was identified. The diffrac-
tion and scattering properties of transmission volume grat-
ings were also investigated. Refractive index modulations
and the material recording sensitivities as high as 8 × 10−3

and 9000 cm2/J were demonstrated at the optimum ZrO2

nanoparticle concentration of 35 vol.% and at a recording
intensity of 5 mW/cm2. The occurrence of the maximum
photopolymerisation rate later during conversion accelerates
the mutual diffusion of monomer molecules and nanoparti-
cles during recording. This results in an increase in ∆nsat. It
was also observed that the sensitivity dramatically increases
at the shorter wavelengths, for example, 404 nm, being
approximately seven times higher than that at 532 nm at a
recording intensity of 10 mW/cm2.

Later in that year, Hata and Tomita [78] proposed a
novel nanoparticle-polymer composite to further suppress
shrinkage of their material using of the thiol-ene step-growth
polymerization mechanism. Due to crosslinked thiol-ene,
polymerisation proceeds very rapidly but will not reach the
gel point until high functional group conversions take place,
that is, reaching the gelation point later during conversion in
the mixtures accelerates the mutual diffusion and phase sep-
aration of the monomer molecules and nanoparticles during
recording. This will again result in an increase in ∆nsat and
the material sensitivity. It was shown that the polymerisation
shrinkage can be reduced as low as 0.3% for a nanoparticle
concentration of 35 vol.%, giving a maximum refractive
index modulation and material sensitivity of 8 × 10−3 and
1014 cm/J, respectively, when recording in the green. These
results provide a significant and noticeable advance in the
development of holographic data storage materials.

Guo et al. [79] examined the photosensitiser diffusion
effects of erythrosine B (EB) in an acrylamide/polyvinyl
alcohol (AA/PVA) material. This was achieved using simple
experimental techniques and use of a 2D diffusion model.
The rate of EB diffusion, D ≈ 6.27 × 10−12 cm2/s, was
estimated. In the literature [80–82], the rate of diffusion of
the acrylamide monomer (AA) in such photopolymer layers
has been reported to be in the range ∼10−11–10−10 cm2/s.
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The molecular weight of EB is 879.86 g/mol while that of
AA is 71.08 g/mol. While molecular weight alone does not
determine the rate of diffusion, it would be reasonable to
expect EB to diffuse more slowly than AA. The results
indicated that EB diffuses an order of magnitude slower than
the AA monomer.

Sabol et al. [83] then reported a detailed study on the
photoinitiation process of the photosensitizer, Irgacure 784,
used in the epoxy-resin-based photopolymer. Irgacure 784 is
a type of the titanocene photoinitiator which has the prop-
erty that it does not require a coinitiator to produce the free
radical. In this work, the photochemical reactions of Irgacure
784 involved are thoroughly discussed. Importantly, the
experimental results reported verify that multiple different
absorbers are simultaneously present in the layer at different
stages during the exposure.

In 2011, Hata et al. [84] introduced the thiol-ene
monomers into silica nanoparticle-polymer composites and
examined the photopolymerisation kinetics and volume
holographic recording characteristics. Real-time Fourier
transform spectroscopy and photocalorimetry were used
to characterize the visible light curing kinetics containing
a secondary dithiol (with high self-life stability and low
odor) and a triene with rigid structure and high electron
density. It was shown that while the nanoparticle-(thiol-ene)
polymer composites exhibit high transparency, values of
∆nsat and S as large as 1×10−2 and 1615 cm2/J were achieved.
The polymerisation shrinkage was reduced to the value as
low as 0.4%, as a result of delaying the gelation point in con-
version by introducing the thiol-ene monomers. These values
were within the acceptable range of values for holographic
data storage media (i.e., ∆nsat = 5× 10−3, S = 500 cm2/J and
0.5% shrinkage). It was also shown that because of the
dispersion of the inorganic silica nanoparticles and the use of
the triene monomer, (having the rigid structure of the tria-
zine functional group), the thermal stability of the recorded
holograms is much improved compared to that of those pre-
viously reported in earlier nanoparticle-polymer composites
using organic nanoparticles and primary mercaptopropi-
onate trithiol/allyl ether triene monomers [53, 78].

Further research to the properties of the stoichiometric
thiol-to-ene and nanoparticle-(thiol-ene)polymer compos-
ites was presented by Hata and Tomita [85] later in the same
year. The impact of the stoichiometric thiol-ene ratio on
the properties of photopolymerisation was estimated. It was
found that the thiol-ene stoichiometry strongly influences
the dynamics of the thiol and ene functional group conver-
sions and therefore the polymerisation rate, Rp, for samples
with silica nanoparticle dispersion. It was also found that
αc, which is the value of time-dependent relative conversion
α at the peak value of Rp, increases with increasing stoi-
chiometric ratios of thiol-to-ene functional groups, r. This
work indicated that while ∆nsat and S are maximized at
r = 1, out-of-plane fractional thickness change, σ , can be
reduced by increasing r. It was also shown that there exists a
negative correlation between αc and σ . It suggested that such
a correlation must also be presented in other holographic
photopolymer systems, and that can be used as part of the
material design strategy for holographic applications.

Certain photorefractive processes, as is the case for pho-
topolymerisation, involve mass transport. As a consequence,
not only the optical but also the neutron refractive index
may be changed in these cases [86]. The light-induced change
of the refractive index for neutrons in materials (the photo-
neutron-refractive effect) has been exploited to produce dif-
fraction gratings for neutrons by structuring suitable record-
ing materials using holography [87]. The reduction in size of
the grating modulation with position, that is, within the layer
depth due to the absorption during the recording process,
becomes an issue at grating thicknesses of about 100 microns
and larger. This limits the achievable diffraction efficiency
for neutrons. In an attempt to overcome this problem, the
Pendellosung interference effect in holographic gratings was
examined by Klepp et al. [88] in 2011. Diffraction exper-
iments with holographic gratings recorded in SiO2 nano-
particle-polymer composites were carried out with slow neu-
trons. The influence of parameters, such as the nanoparticle
concentration, grating thickness, and grating spacing, on the
neutron-optical properties of such materials was tested. It
was shown that the difficulty of obtaining sufficiently larger
thicknesses can be overcome by exploiting the Pendellosung
interference effect. This was done by tilting the grating
around an axis parallel to the grating vector to increase the
effective thickness of the gratings. Using this method, high
peak reflectivity of 83% was achieved and reached for a
neutron wavelength of 3.76 nm. Such results, besides extend-
ing the range of passive neutron optical elements available,
have also provided evidence for the superiority of the Beta-
value method over Kogelnik’s K-vector closure method [89,
90].

In work by Vayalamkuzhi et al. [91], a panchromatic
silver-doped poly (vinyl alcohol)/acrylamide photopolymer
system was developed. In the presence of Ag+, diffraction
efficiency of 70% in transmission gratings was recorded using
both Ar+ and Nd : YAG lasers. This offers the possibility of
using the developed photopolymer system as a panchro-
matic recording medium. Such material developments have
important applications in the fields of true-color display
holography, holographic storage, and holographic optical
elements.

The microholographic approach relies on submicron-
sized reflection gratings recorded in layer at different depths
to encode the digital data stored. In 2011, Orlic et al.
[92] presented an optical write/read system for high density
optical data storage in 3D. This design of their optical system
for high-density microholographic storage was based on a
single-beam path, using a retroreflecting configuration. The
combined performance of these two components, that is,
a retroreflector and confocal filter, was a key feature of
the system. They demonstrated resolution-limited volume
recording in photopolymer materials sensitive in the green
and violet spectral ranges. The optimum exposure condition
was identified as a compromise between the requirements
of strong volume localization and sufficiently high diffrac-
tion efficiency. Microgratings with widths of 306 nm at
532 nm and 197 nm at 405 nm were recorded. These results
were the smallest volume microholograms ever recorded
up to that time. Photopolymer materials used in this work
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were cationic ring-opening polymerization (CROP) systems
developed by Aprilis [93]. The work indicated the potential
of the technique for volumetric optical structuring, data
storage, and encryption applications.

Following on from the work by Ortuño et al. [94] in 2007,
on the development of a nontoxic photopolymer, Gallego
et al. [95] further developed a new environmental sustainable
photopolymer, by introducing a sodium acrylate (NaAO)
into AA/PVA-based photopolymer material as a substitute
for acrylamide-based photopolymers in the manufacture
of diffractive optical elements. Diffraction efficiencies of
∼40% were achieved for planar gratings. They estimated
the NaAO diffusion rate inside the photopolymer, and the
values obtained were 10 times smaller than those in the
case of the widely studied PVA/AA photopolymer. Therefore
the PVA/NaAO photopolymer should be used when slow
diffusion is required. The influence of TEA on monomer
diffusion inside the material and on the polymerisation rate
was also examined. The results suggested that the concen-
tration of this component, that is, NaAO, can be carefully
adjusted in order to obtain photopolymers with desired
dynamic properties.

Following this work [95], later in the same year, Gallego
et al. [96] reported on other possibilities to achieve thin pho-
topolymer layers with lower environmental impact. Using
direct measurements of the phase shift and the shrinkage
of photopolymeric layers based on PVA/NaAO material (for
five different chemical compositions), they estimated several
different material parameters. They obtained values of the
shrinkage between 1% and 3% in the layers analysed.
Although the results for shrinkage were too high for holo-
graphic memory applications, these values are promising for
use in obtaining relief structures for liquid crystal applica-
tions. From comparison of the results to those for typical
PVA/AA-based materials, it was shown that sodium acrylate
provides less toxic photopolymer thin layers suitable for very
low spatial frequency applications. It was also suggested that,
in order to achieve “greener” layers [94], the incorporation
of sodium salt 5′-riboflavin monophosphate (PRF) as a dye
should be pursued.

Clearly, when attempting to improve a photopolymer
material’s performance for a given application, an under-
standing of the photochemical and photophysical processes,
which occur during photopolymerisation, is extremely
important. In 2011, Gleeson et al. [97] demonstrated how
NPDD-based modelling of the mechanisms which occur in
photopolymers during and after exposure has led to the
development of a tool, which can be used to predict the
behaviour of many distinct types of material for a wide
range of recording conditions. They reported on work to the
extended their NPDD model, in order to clearly quantify
some of the trends, which the model predicts, and thus be
able to analyse their implications for attempts to improve
photopolymer material performance. The results are of prac-
tical importance when attempting to optimise the perfor-
mance of a photopolymer material. As the many types of
monomer have diverse chemical and structural character-
istics, knowledge of these characteristics is necessary. For
example, when choosing a monomer, an informed choice can

yield specific improvements in material performance. One
of the implications of the predictions of the NPDD model
is that utilising a monomer with a large propagation rate
constant and low bimolecular termination rate will produce a
higher refractive index modulation, ∆nsat. However, it is also
desirable to have a monomer with high mobility, that is, a
fast diffusion rate, in order to increase the dynamic range
of the photopolymer and to maximise the index modulation
achievable. One of the results highlighted in this work is that
if the propagation rate is too large or the bimolecular ter-
mination rate is too small, the optimum refractive index
modulation will not be obtained. These deleterious effects
are compounded further by increased material viscosity as
a result of polymerisation. In this work a qualitative under-
standing of trends is given for quantitive predictability.

Gleeson et al. [98] reported results for an impressive new
acrylate-based photopolymer material developed by Bayer
Material Science (BMS). The material was examined using
various optical techniques and then characterised using the
NPDD model. Refractive index modulation up to ∆nsat = 8×
10−3 and a very low nonlocal parameter value of 9.2 nm were
estimated. A comparison between AA/PVA-based and BMS
materials shows that the BMS material has (i) a substantially
faster response of the refractive index modulation with
respect to the recording dosage, especially at lower power
densities; (ii) three times higher refractive index modulation
achievable; (iii) six times smaller nonlocal response parame-
ter, (representing the spatial spread of the reactive chain ends
of the formed polymer coils during photopolymerisation),
indicating a much higher resolution, that is, little dropoff in
material response up to 5000 lines/mm; (iv) an improved
performance at high spatial frequencies permitting high
diffraction efficiency reflection holograms to be recorded.
This material demonstrated the capabilities of a new class
of photopolymer, which importantly can be produced on an
industrial scale as large area plastic films, offering high index
modulation, full colour recording, high light sensitivity, and
environmental stability.

The NPDD model has been extended to include the
kinetics of chain transfer and reinitiation, in order to analyse
the effects of various chain transfer agents on the system
kinetics and to study their use in reducing the average poly-
mer chain length [67], in free-radical-based photopolymer
materials. Guo et al. [99, 100] studied AA/PVA-based photo-
polymer material containing chain transfer agents. The
effects of two different types of chain transfer agent, that is,
Sodium Formate (HCOONa) and 1-Mercapto-2-Propanol
(CH3CH(OH)CH2SH), were compared. The validity of the
extended NPDD model [99, 100] was examined by applying
it to fit the resulting experimental data. It is confirmed that
the average polymer chain length formed is reduced by the
addition of the chain transfer agents, as they reduce the non-
local response of the materials. The most effective material
combination used resulted in a reduction in the nonlo-
cal parameter, from 61 nm to 41 nm. Comparing the the
two types of transfer agents, the results achieved using 1-
mercapto-2-propanol were shown to be better than those
using sodium formate. These CTAs produced improved high
spatial frequency material response, giving up to ∼28%
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increase in the refractive index modulation achieved at 3000
line/mm.

5. Conclusions

An overview of reported work on the optimisation of
photopolymer materials is presented, and several types of
photopolymers are discussed. We have emphasised in this
review those materials used as holographic data storage
(HDS) media. Even limiting our review to papers explicitly
dealing with such photopolymer materials, it is clear that
there have been impressive developments in the field of
photopolymer material research since photopolymers were
first studied as a holographic recording media in 1969 [27].
As described various types of photopolymer for use with
a range of read/write technologies have been developed.
Increased material sensitivities, resolutions, diffraction effi-
ciencies, and material stabilities have been reported. Such
improvements include (i) two-photon absorption techniques
to store and retrieve information in the volume of the
material layer [58]; (ii) the introduction of nanoparticles to
reduce polymerisation shrinkage [35]; (iii) the introduction
of thermally curable matrix networks suitable for mass
production [32, 98]; (iv) the introduction of chain transfer
agents to improve the high spatial frequency performance of
the materials [67, 99, 100]; (v) the introduction of quantum
dots to improve the materials’ refractive index modulation
and fluorescence [58, 76]; (vi) the introduction of PMMA-
based photopolymer materials to increase the thermal stabil-
ity [59]. Clearly many promising materials, providing high
storage capacities, are being developed for the next genera-
tion optical data storage media.

Photopolymer materials offer many advantages; however,
there still exists several detrimental effects encountered in
those materials as they are being optimised for commercial
applications. What this paper clearly leads us to conclude is
that it is important to build up a physically comprehensive
model, which can be used to predict the behaviours of these
materials, in order to improve their performance and reduce
the effects that limit their commercial use. In order to achieve
this comprehensive model, a number of effects must be
included; these are (a) multicomponent diffusion; (b) viscos-
ity effects; (c) shrinkage; (d) inhibition; (e) mass transport
effects; (f) spatially nonlocal polymer chain growth; (g) spa-
tial/temporal primary radical (photokinetic) behaviours; (h)
thermal effects. As this model develops, it will provide a more
rigorous and informed basis for predicting the behaviours
of photopolymer materials and will indicate useful trends in
performance, which can be used for material optimisation
[97, 101].
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