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1. Optical Data Storage: An Introduction

The success story of digital optical data storage (ODS)
began in 1982, with the launch of the compact disc (CD).
Their 650 MB memory capacity and the superior quality of
the sound were clear advantages over the vinyl record,
thereby leading to an almost complete replacement of the
record. Unlike records, the discs do not deteriorate because
the signal transfer takes place without mechanical contact.
Mass reproduction of the information can be performed very
cheaply by injection molding or compression molding with a
polycarbonate disc. In 1996, additional improvements and
modification of the product led to the introduction of the
digital versatile disc (DVD), which has a capacity between
4.7 GByte and 17 GByte. A DVD is able to store an entire
movie with multiple language audio tracks and provides
excellent image quality. The storage of high-definition tele-
vision (HDTV), however, requires even higher storage
capacities. For this purpose, Blu-ray disc (BD) and high
density DVD (HD DVD) have been developed, which allow
for storage capacities between 15 GByte and 50 GByte on a
disk with a diameter of 12 cm. At the beginning of 2008, the
BD was established as the standard format for the third
generation of optical media at the expense of HD DVD.

The family of formats containing CD, DVD, and BD
consists of pre-recorded (read only memory = “ROM”),
write-once (recordable = R or write once read many =

WORM) and rewriteable (rewriteable = RW or recordable/
erasable = RE) media. The specification of the various
formats guarantees perfect compatibility between media
content and drives and allows the music, film, and software
industries, which are the suppliers of the information content,
to plan its business for decades, because of this backwards
compatibility. As with all ODS the medium and the drive are
always physically separate entities; therefore, the storage
capacity required for particular backup and archiving tasks
can be conveniently increased in incremental steps.

The fundamental physical principles of the optical data-
storage formats currently on the market are well under-
stood.[1] An objective lens with a numerical aperture (NA)
focuses a laser beam with wavelength l through a transparent
substrate or a transparent cover layer onto a highly reflective
information layer. The radius s of the diffraction-limited
focused laser spot in the plane of information is given by
Equation (1).

s ¼ l

2NA
ð1Þ

If the data disc rotates, the laser spot follows the spiral
track of the embossed pits or of the written marks, which have
different discrete lengths but the same widths. The reflectivity
is locally modulated by the optical character of the pits or of
the marks (phase or amplitude objects). The information
itself is therefore digital in the lengths of the pits or of the
coded marks. These lengths are measured between successive
changes in the polarity of the readout signal. Because of its
sequential nature, this method of data encoding is called “bit-
wise”.

2. Optical Data-Storage Roadmap

The optical data-storage formats that are currently on the
market are based on the principles of far-field optics, in which
the storage density can be increased by reducing l and
increasing the NA. The ODS roadmap (development plan)
has therefore followed the far-field optics scaling law (NA/l)2

Optical data storage has had a major impact on daily life since its
introduction to the market in 1982. Compact discs (CDs), digital versatile
discs (DVDs), and Blu-ray discs (BDs) are universal data-storage formats
with the advantage that the reading and writing of the digital data does not
require contact and is therefore wear-free. These formats allow convenient
and fast data access, high transfer rates, and electricity-free data storage
with low overall archiving costs. The driving force for development in this
area is the constant need for increased data-storage capacity and transfer
rate. The use of holographic principles for optical data storage is an
elegant way to increase the storage capacity and the transfer rate, because
by this technique the data can be stored in the volume of the storage
material and, moreover, it can be optically processed in parallel. This
Review describes the fundamental requirements for holographic data-
storage materials and compares the general concepts for the materials
used. An overview of the performance of current read–write devices shows
how far holographic data storage has already been developed.
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with the formats CD, DVD, and BD. However, the density
scaling factor for “bit-wise” and two-dimensional, that is,
planar data storage, has already reached its upper limit for
practical applications with the advent of BD. Therefore,
research is now focused on technologies that are able to
overcome the physical limits of traditional systems (Figure 1).

Systems that are based on near-field optics are currently
under investigation; for example, solid-immersion lens
recording (SIR), super-resolution near-field structure (Super
RENS), or combinations thereof.[2–4] In these cases, the
effective NA can be increased above the value of one,
which represents the limit for the far field.

Attempts have been made to increase the number n of
gray levels that are associated with each pit above the value
of 2,[5–7] meaning that the data density can be increased along
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Figure 1. Roadmap for optical data storage. Various technologies are
currently under research. In this representation, l is given in mm.
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a track by a factor log2(n). This can also be referred to as
multilevel recordings.

To use the entire volume of the storage medium, the data
can be arranged in multiple information layers. The two-
photon absorption technique may represent one possibility
for the realization of such multilayer recordings.[8] Purely
organic materials, such as diaryl ethers, dye-doped poly-
(methyl methacrylate) (PMMA) and other polymers, or
doped sapphire crystals have been studied for this
approach.[9–12] An additional method for volume storage is
clearly holographic optical data storage.

3. Holography and Holographic Data Storage

Optical holography enables the capturing of the entire
information (phase and amplitude) contained in the light
reflected from an object. In addition to the intensity of the
reflected light, the phase length of the light stemming from
various points of the object is also recognized with this
technique. Because the phase is a measure of the distance of
different points on the object to the viewer, by means of
holography the entire three-dimensional information from an
object, not just the information concerning the light intensity,
is captured. Such information capture is achieved by storing
the interference field of the emitted object waves and a
coherent reference wave in a photoactive medium. This
storage takes place preferentially as a modulation of the
refractive index in the medium, which is proportional to the
interference field, and is called a hologram. If we consider the
simplest case of the interference of a plane-wave signal—in
this case all the light emitted from the object has the same
phase—with a standardized reference plane wave, the inter-
ference field consists of striped patterns of light and dark
areas (a grating). The stripe spacing depends on the angle
between the signal and the reference wave, and the intensity
difference between light and dark areas is determined by the
ratio of the amplitudes of the signal and the reference wave.
Stored as a corresponding modulation of the refractive index
in a photoactive medium, the original signal wave is
reconstructed upon irradiation with the standardized refer-
ence wave by light diffraction under the Bragg condition
(Figure 2).

The simplest case discussed above of a hologram from the
interference of two plane waves has found many applications
in holographic optical data storage. The active data bits in a
holographic optical data-storage media are always stored as
such individual gratings or a suitable combination of such
individual gratings. Those bits are then read by reconstruction
of the corresponding signal wave through irradiation with the
reference wave under the correct angle (Bragg condition).[21]

It is possible to take advantage of the fact that the angular
acceptance range that is responsible for the reconstruction
becomes smaller with increasing thickness d of the medium,
that is, the Bragg selectivity increases with increasing thick-
ness d of the medium. In a medium with high thickness
(typically over 200 mm), it is possible to write many gratings
(“multiplexing”) in the same volume, which can be recon-
structed individually without crosstalk, because, for example,

the angle of the reference wave can be varied in a large
number of discrete steps. In holographic data storage, it is also
crucial for a high storage capacity to have the possibility of
producing thick media (ca. 1 mm) to act as a real volume
reservoir. In addition, it is possible by using suitable optics
(Fourier holograms), to save an entire data “page”, for
example, for each angle of the reference beam. In these data
pages, the data bits are arranged, for example, as a grid
pattern made of light (on-pixels) and dark rectangles (off-
pixels); this is called “page-wise” storage. The data pages are
then simultaneously reconstructed on an area detector, such
as a CCD chip, and the rates of data transfer may be greatly
increased by parallel processing.

3.1. Implementing Holographic Data Storage

In this Section, a brief discussion of the current research
on implementing holographic optical data storage is given and
put into perspective with the roadmap discussed above. In
Section 4 the requirements for the photoactive medium
necessary for the realization of holographic optical data-
storage are discussed.

Figure 2. Left: The interference from a plane signal wave and a plane
reference wave leads to a striped intensity pattern. In a photoactive
medium, this pattern is translated into a modulation of the refractive
index, which is proportional to the intensity, thereby resulting in the
hologram. Right: The reference wave is diffracted at the modulation of
the refractive index such that the original signal wave is reconstructed.
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As already explained in Section 3, holographic data
storage offers the possibility to arrange the information in
data pages, that is, at least one data page that contains N bits
can be stored in each volume element of the medium (“page-
wise”). Furthermore, multiple data pages can be stored in the
same volume element of the medium (“multiplexing”). For
multiplexing photopolymers are currently preferred as the
photoactive material for WORM or R media.[13] Integrated
solutions of drive and disc are close to commercialization.[14]

Attempts have been made to realize rewriteable and erasable
holographic optical data storage. The main focus of such
investigations is on the use of photorefractive crystals and the
first work dealing with this approach has been published.[15] A
recent book on photorefractive materials and on the physical
mechanisms underlying the holographic recording has been
written by Frejlich.[16] The middle and right panels of Figure 3
show different schemes proposed in some current investiga-
tions on page-wise holographic data storage, which make use
of angle or shift-multiplexing.

For several years, the use of holographic techniques for
the “bit-wise” principle has also been investigated. In this
approach, diffraction-limited large reflection holograms,
known as “micro-mirrors”, can be written by two counter-
propagating, coherent light beams in their common focus in a
photoactive medium. In this case, the hologram is written only
within the focusing depth of the objective lens, that is, in the
beam waist (Figure 3, left). The “micro-mirrors” act as the
optical equivalent of (virtual) pits. The potential advantage is
the possibility of having many layers of information without
having to use reflection layers.[17, 18] This scheme is part of the
“multilayer” approach. This approach can use established
data encoding and error correction and may allow a similar
optic as today’s BDs. However, in this case the data-transfer
rate per layer will not be higher than that of the current BDs.

Prototypes have been reported with photopolymers and
photochromic dyes doped into thermoplastics.[19, 20]

4. Material Requirements for Holographic Data
Storage

Holographic data-storage gratings are always designed
such that the resulting modulation of the refractive index Dni

is sufficiently small for the physical problem to be considered
as a linear approximation. In this case, the modulation index
of the grating that arises from the interference field takes the
form of a simple sine or cosine function. The amplitude of the
modulation index is exactly Dni. The maximum diffraction
efficiency of the grating hi in reaching the Bragg condition is
then given by Equation (2)[21] where d is the thickness of the
medium, l the wavelength of light in vacuum, a0 and b0 are
the angle of the reference beam and the angle of the signal
beam in the medium relative to the surface normal of the
medium.

hi ¼ p � Dni � d
l �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cos a0ð Þ � cos b0ð Þ
p

 !2

ð2Þ

For the generation of a hologram with modulation index
Dn a part of the dynamic range of the medium is consumed.
The dynamic range of the medium is often denoted as M#
(“M-number”) and is formally described as the number of
simple holographic gratings that can be written in the same
volume of media by multiplexing to create a diffraction
efficiency h of 100% (or 1).[22] In practice, M# is determined
by subtracting similar but smaller diffraction efficiencies hi

from the multiplexing of L simple holographic gratings. This
gives in Equation (3).

M# ¼
X

L

i¼1

ffiffiffiffi

hi
p / d

l

X

L

i¼1

Dni �
d
l

Dn ð3Þ

Thus, M# is a suitable measure of the possible storage
capacity of a given medium, and is proportional to the
thickness d and the index contrast Dn of the medium. M#
determines the number of index gratings, L, that can be
written in the holographic medium, and whose individual
diffraction efficiencies hi can be clearly distinguished from the
noise level.

Equation (3) clearly shows that it is advantageous to
minimize l in order to maximize M#. Therefore, the holo-
graphic medium, should, if possible, be sensitive to the blue-
violet spectrum.

Media having a large M# value, which for example, can be
achieved by a high index contrast Dn, can only be used
optimally for high-storage capacities when at the same time a
large thickness d of the medium is realized; otherwise, owing
to lack of Bragg selectivity, the “multiplexing” of many data
pages in the same volume is not possible. Therefore, the
absorption of the medium at the wavelength used should not
be too large, because otherwise optimal interference con-
ditions when writing the grating cannot be achieved over the

Figure 3. Left: Holographic recording of “micro mirrors”. The signal
and the reference waves are counter-propagating spherical waves with
a common focus. The intensity of the beams is pulsed so that “micro
mirrors” of different lengths can be written. Layers of information
outside the focal plane can not be reconstructed through the Bragg
condition and are therefore invisible. Center: Two-beam angle multi-
plexing. The incidence angle of the reference beam (plane wave) is
changed in discrete steps relative to the signal beam. In each step, a
full data page is written in the overlapping volume of the medium.
Right: Two-beam collinear (coaxial) shift multiplexing. The reference
beam is focused in the medium through the same objective lens as
the signal beam. Reference beam and signal beam employ different
areas of the objective lens aperture. Through the rotation of the disc
into discrete steps, a full data page is written in the partially over-
lapping volume elements of the medium.
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entire thickness of the medium. In addition, the media should
have very low parasitic light scattering (“scatter”) as this
scatter increases the noise level, which enforces a higher
minimum diffraction efficiency hi on the individual index
gratings, resulting, at a given M#, in a reduction of L and thus
a reduction of the storage capacity. In the case of volume
scattering, this is proportional to d, and thus a compromise
between the size of M# and d must be found.

A high sensitivity (or: how much Dn is produced per
photon?) is crucial for high data transfer rates. The available
laser power is limited, especially when one looks to the blue-
violet spectral range (ca. 405 nm) and considering practical
applications with which the form factor of the drive must be
compatible, for example, a desktop computer. Since a high
photosensitivity implies a given absorption, the need also
arises to optimize d in terms of M#.

Furthermore, shrinkage of the photoactive medium
during the writing of the holograms might occur. This
means that written index gratings no longer match in position
and period to the interference fields with which they were
formed. When reading out the data in this case, the Bragg
condition is violated and the maximum diffraction efficiency
according to Equation (2) is no longer achieved. The signal
can in fact be lost completely. Since the Bragg selectivity
increases with increasing the d value, the signal decay at a
fixed shrinkage also becomes greater. Again, an optimal
compromise between M# and tolerable shrinkage in a given
thickness d must be achieved.

The holograms in the photoactive media must have long-
term stability, especially for archiving applications, and
multiple readouts must not lead to modification or even
accidental erasure of the holograms. This is a particular issue
when working with rewritable holographic optical data
storage. In general, the process of writing with holographic
media is purely photonic, thus resulting in no threshold
behavior. The same is true of the corresponding deletion
process, that is, repeated data access can easily lead to
unintended overwriting. Fixation of the holograms after the
data is written mitigates or prevents this accidental erasure.

4.1. Photorefractive Materials

In the search for suitable media for holographic data
storage one comes to the chemically diverse and scientifically
interesting photorefractive materials. The photorefractive
effect is a light-induced change in the refractive index in a
material and was demonstrated for the first time in 1966 in
iron-doped lithium niobate (LiNbO3) crystals.[23] In subse-
quent years, in a very visionary approach, the importance of
these crystals for holographic data storage was recognized
and holographic methods were successfully adapted.[24, 25] A
second thrust was the development of holographic storage
media and methods in the early 1990s through successes in
material development: new organic photorefractive materials
were developed. The first organic crystals were 2-cyclooctyl-
amino-5-nitropyridine (COANP), doped with 7,7,8,8-tetra-
cyanoquinodimethane (TCNQ) as transport molecule for the
charge carrier.[26] The first photorefractive polymer was the

electrically polarized epoxy polymer bisphenol-A-diglycidy-
lether 4-nitro-1,2-phenylenediamine.[27] The photo-conductiv-
ity was achieved by doping with the hole transport molecule
N,N-diethylaminobenzaldehyde diphenylhydrazone. The
then revolutionary data densities of 4 Gbitcm�2, achieved
using lithium niobate in 1997[28] showed that the potential of
well-known inorganic crystals was yet to be realized. In 1997,
the DVD had just been launched onto the market, with a data
density of 0.4 Gbitcm�2. Advances in laser and digital
processor technology and new knowledge of the appropriate
processing of the crystals made this success possible.

The conditions that must be met by a photorefractive
material are:
1) Light-induced production of electron-hole pairs (a one-

electron defect is commonly referred to as a “photohole”),
2) Sufficient mobility of one charge carrier, normally of the

photoholes,
3) The presence of trapping states to immobilize the charge

carriers,
4) Optical nonlinearity to form the linear electro-optic effect

(the c(2) effect, also known as the Pockels effect).

In crystals, the operating principle is similar to that of
polymers. Instead of the electron-hole pairs, charged (fixed)
ions and free carriers are generated with opposite polarity. To
summarize, photorefractive materials must be both photo-
conductive (Figure 4 (b) and (c)) and optically nonlinear
(electro-optically active, Figure 4 (d)) to diffract the light and
thus form the basis for holographic data storage.

Clearly, the advantage of using functional polymers comes
into play in the optimization of both material properties and
their successive tuning: one can select specific functional
groups, each responsible for the formation of one of the

Figure 4. a) Sinusoidal light intensity modulation I(x) with a period L

in a spatial orientation within the photorefracting material. b) Creation
and separation of charge carriers according to the field modulation of
the light. c) Resulting space-charge distribution 1sc(x); d) Space-charge
field Esc(x) and refractive index modulation Dn(x), phase-shifted in
intensity by F.
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macroscopic effects, nonlinearity and photoconductivity, and
build them in the correct mixing ratio in the polymer. The
result is customized photorefractive polymers. This can be
considered theoretically as follows:

In the static case, the light-induced charge distribution in
the interference field of the writing light, for example a
sinusoidal interference grid, is phased shifted by 908 with
respect to the refractive index pattern. The refractive index
modulation is given by [Eq. (4)]:

Dn ¼ � 1
2

n3rEsc ð4Þ

where n is the refractive index, r is the effective linear electro-
optic coefficient and Esc the field strength of the electric space
charge field.[29] The conditions for high Dn values are, in the
static case (this is the situation in which the holographic
grating is fully formed after the write operation and in
equilibrium) known to be given by strong electro-active dyes,
such as azobenzene, stilbene, or tolane derivates, and high
space charge field amplitude.

The synthesis of the corresponding dyes, and their
implementation in high macroscopic nonlinearities was long
a key route for the development of photorefractive materials.
Very good model molecules are, for example, DMNPAA (4-
methoxy-2,5-dimethyl-4’-nitroazobenzene), DMNANS (4-
methoxy-2,5-dimethyl-4’-nitrostilbene), and DMNANT (4-
methoxy-2,5-dimethyl-4’-nitrotolane; Scheme 1).[30] Dyes of
this type have been installed in host-guest systems, as well as
bifunctional polymers and low molecular weight glass for-
mers. Today, other materials are known to have similar
properties to DMNPAA.[31]

From parameter r to the second relevant parameter Esc :
The conditions for a strong space charge field, and therefore
for a strong holographic grating, can be phenomenologically
captured relatively easy, but are more difficult to implement
in practice. We do not want to discuss them without
considering the speed of the field buildup, which is indeed
the holographic light sensitivity of a photorefractive material.

For small polarity fields, Esc approaches the value of the
diffusion field ED, which depends on efficient charge carrier
transport, in other words, which is produced by efficient hole-

transporting molecules. 2,4,6-trinitrofluoroenone (TNF), for
example, is a good sensitizer for photoconductors, such as
polysiloxane (PSX), or polyvinylcarbazole (PVK), with which
it forms charge-transfer complexes. For strong polarity fields,
growth velocity and height of the space–charge field are
limited by the number of defects in the material or by the
actual trap density. According to the standard model of
photorefractive polymers, the parameters of mobility and
photohole lifetime are the ones to be optimized.

Now, how quickly does an organic photorefractive mate-
rial respond to a light exposure? It is believed that, in general,
the process of carrier generation by absorption of a photon is
very fast (tabs< 10�9 s), especially in comparison to the
subsequent processes. Typically, the generation of free photo-
holes saturates quickly, because the lifetime of the photoholes
is short (th� 10�4 s). In crystals, for example, the production
rate of mobile ions converges towards the recombination rate
with immobile, stationary anions during the subsequent
processes. Fast writing and even massive multiplexing is
possible in crystals: Staebler et al. recorded 500 angle-multi-
plexes volume phase holograms in iron-doped LiNbO3. Each
hologram showed a diffraction efficiency of greater than
2.5%, with writing and fixing occurring simultaneously at
160 8C.[23] The fastest photorefractive materials show response
times of around 5 ms at an incident power of 1 W cm�2.[32]

In polymers, the refractive index modulation Dn can be
enhanced significantly by field-induced orientation of opti-
cally nonlinear but polar molecules. Diffraction efficiencies of
20% have been demonstrated.[33] Fast writing is not possible
in this case, because the chromophore dynamics is on the
order of seconds, even in systems with low glass transition TG,
while the photohole mobility, which can be determined by
time-of-flight (TOF) measurements or holographic time-of-
flight (HTOF), shows significantly shorter transit times
(tTOF< 10�5 s).[34]

In photorefractive polymers, the proof of high M# value
and therefore of their suitability for industrially feasible data
storage is yet to be demonstrated. High polarity field strength
and charge trapping in nearby electrodes reduces the
reproducibility of the efficiencies.

4.2. Chemistry of Photopolymers

The class of photopolymeric materials is characterized,
particularly in comparison to inorganic crystals such as
lithium niobate, through more accessible raw materials.
Holographic photopolymers were first described in 1969 as
a mixture of acrylic monomers (barium and lead acrylate and
acrylamide) and a photoinitiator.[35] Typically, photopolymers
are, however, composed of a total of three components: the
photoinitiator, one or more monomers, and a polymeric
binder. The binder provides mechanical stability and ensures
a suitable formulation with compatible starting materials and
good optical properties. In addition, plasticizers, inhibitors,
and stabilizers are added.

Scheme 1. Dyes used in photorefractive materials.
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4.2.1. Model of Hologram Formation in Diffusion-Based
Photopolymers

The term “photopolymer” is sometimes in a broader sense
for organic material that is suitable as holographic recording
media. In this section, this term will only be used for materials,
in which a diffusion process contributes significantly to the
formation of the phase holograms. Figure 5 illustrates the
common model of hologram formation in photopolymers.

Figure 5, panel a shows the essential components of a
photopolymer medium: monomer, initiator, and binder. In
the holographic interference experiment of two intersecting
laser beams (Figure 5, panel b) the polymerization in the
areas of greatest constructive interference proceeds most
quickly, and consequently the monomers are consumed most
quickly in these areas (Figure 5, panel c). In the areas of
destructive interference little or no polymerization takes
place. The increasing consumption of monomer in the bright
regions forms a concentration gradient. This means that
monomer diffuses from the dark areas to the light.[36, 37]

Therefore a photoinduced mass transport takes place
(Figure 5, panel d). This ends when all monomer is consumed
or when no more monomers can reach the macroradicals due
to vitrification of the photopolymer in the progress of the
polymerization (Figure 5, panel e). If the material-dependent
refractive indices of the binder and monomer differ from each
other, the mass transport, at the same time, leads to the
formation of a refractive index patterns: a phase hologram.

For effective phase hologram formation, the diffusion of
monomer should be faster than its consumption by polymer-
ization, as otherwise the refractive index modulation Dn is
reduced. This holds true particularly for large diffusion
lengths, i.e., large grating periods L. Furthermore, studies
have shown that short polymer chains or radicals diffuse in
the opposite direction, which is reflected in a reduction of the
refractive index modulation shortly after exposure.[38]

One of the most studied systems is acrylamide molecule
dissolved in a binder of polyvinyl alcohol.[39] In particular, it is
found in this system that the holographic grating index
contrast Dn decreases with smaller grating period L. Such
small grating periods, for example, are used in reflection
holograms.[40] The forming polymer chains (macro radicals)
with their active chain ends grow out of the region of highest
intensity of light into the dark areas: the area of polymeri-
zation changes with the macroradicals growth and the holo-
gram formation is described by a non-local reaction-diffusion
model - the forming phase hologram is ’smeared’ and the
resolution decreases.[41, 42] Alternatively, these systems can
also be described by a local reaction-diffusion model or
analytical procedures.[36,37, 40, 43,44]

4.2.2. Chemical Amplification: The Key to the Use of Low-Cost
Lasers

A fundamental problem with organic materials for
holography is their low sensitivity to light, especially when
one compares them with silver halide based photographic
materials. In general, the low quantum yield of photochemical
reactions can be compensated for by chemical amplification.

For holographic data-storage materials based on photopol-
ymers three different amplification processes have been
described. By far the most important method is the free-
radical polymerization (see Scheme 2) of acrylic acid esters
and amides, N-vinyl compounds and allyl esters. Mixtures of

Figure 5. Reaction diffusion model describing photopolymer hologram
formation. a) The photopolymer consists of monomers and initiators,
both dissolved in a binder. b) Overlap of two laser beams leads to an
interference pattern and, in the case of constructive interference,
excites the initiator. c)–e) Propagating polymerization leads to the
diffusion of monomers to the macroradicals and therefore to an
accumulation of monomer units in the lighter areas.
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different reactive monomers have been described and can
increase the achievable index modulation.[45]

Free radical polymerization has many advantages since it
proceeds quickly, free-radical initiators are well developed,
and there is a wide raw material base for the monomers. At
standard temperatures, the reaction is irreversible, so that
write-once media (WORM - Write Once Read Many) can be
prepared, which are particularly suitable for long-term
archiving. Scheme 3 shows a selection of the monomers
described in the literature.[48]

The main problem is the relatively large volume shrinkage
of the medium that occurs during free radical polymerization.
This complicates reconstruction of the hologram and the
Bragg angle used during the writing step must be corrected
and adjusted for the volume shrinkage during the reading

process. In data-storage medium constructions, the shrinkage
is anisotropic, so that a simple correction of Bragg angle or
the laser wavelength is of limited use. For all writing
chemistries, it is therefore crucial to minimize the amount
of writing monomers used, which as a result reduces the
achievable storage capacity. All material developments,
therefore, ultimately optimize the balance between capacity
and readability. Ring-opening cationic polymerization shows
much lower volume shrinkage, as for each newly formed bond
between the monomers a strained ring is opened. Therefore,
overall the chemical bond density will not increase. For
collinear drive design (Figure 3, left) cyclohexene oxide 10
based monomers that can be polymerized by proton-forming
photoinitiators with low shrinkage (Scheme 4) have been
approved conceptionally.[49] The polymerization is also not
inhibited by atmospheric oxygen, as is the case with conven-
tional acrylate based monomer systems. Recently, sensitizers
for blue lasers based on 1,4-bis (phenylalkinyl)-naphthalene
have been described.[51]

The disadvantage is that the generated acid affects the
long-term stability of the holograms and triggers dark
reactions that make it difficult to write a holographic disc
successively. That only a few different monomers have been
prepared reflects the limit on the development potential of
this class of materials.

The ring-opening, free radical polymerization of cyclic
allylsulfide 11 combines the advantages of low volume
shrinkage ring opening polymerization and low dark reac-
tivity with the wide range of available free radical photo-
initiators (Scheme 5).[51] The polymerization is relatively slow,
but this is not necessarily a disadvantage, since a balance
between diffusion and polymerization must be set. However,
this aspect will gain in importance in the future as the ever-
present demand for higher data transfer rates continues.

The use of allylsulfide in holographic data storage has
been described only recently, and to date only basic test have
been reported.

4.2.3. Monomers Alone do not Make a Medium: The Role of the
Binder

In the late nineties, various institutes and companies built
functional holographic read–write demonstrators for the first
time.[52–54] Since then, attention has turned away from hitherto
standard media systems such as lithium niobate. From then
on, high-viscous acrylate mixtures were provided with addi-

Scheme 2. Chemical amplification through radical polymerization of
2,4,6-tribromophenylacrylate (1) as an example.[46] For recent findings
on acrylate polymerization, see Ref. [47].

Scheme 3. Radically polymerizable monomers of holographic photo-
polymers.

Scheme 4. Cationic ring-opening polymerization for media with low
shrinkage.
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tives to obtain the desired properties of high refractive index
modulation, good light sensitivity, low shrinkage, and appro-
priate manufacturing processes of the media. Figure 6 shows
an overview of the concepts concerning the writing compo-
nents monomer and binder, which are discussed below.

Dry or solid photopolymers, that is, materials that are
dimensionally stable before exposure and in which the
registered holograms do not blur, are therefore the main
targets of materials development. Starting from solutions of
monomeric acrylates, compatible thermoplastics have been
incorporated, such as polyvinylalcohol (PVA), in order to
obtain paste-like, non-flowing materials. However, these PVA
materials are very sensitive to humidity and have a short shelf

life, requiring them to be continuously modified and
tested.[55, 56]

For other holographic applications, materials from Fa.
E. I. DuPont de Nemours & Co. are already well-known,
which, among others, contain a mixture of phenoxyethyl
acrylate in cellulose aceto butyrate (CAB).[57] Hexaaryl
bisimidazoles with mercapto benoxazole were used as initia-
tors;[58] however, a high shrinkage of 3–10% and insufficiently
low thickness resulted in unsatisfactory results.[59] Improve-
ments to CAB-based photopolymers using new writing
monomers and the addition of dendrimers to enhance the
diffusion have also been described.[60, 61]

Waldman et al. have developed formulations specifically
for data-storage applications with the aforementioned ring-
opening cyclohexene oxides, in which bi- and higher func-
tionality writing monomers were used that contained a silicon
bridge.[62] Short-chain silicone was used as a binder, due to its
compatibility with the monomer. In general, the compatibility
of the binder with the writing monomer and the photoinitiator
poses a major challenge to meeting the required optical
quality of the overall formulation. The refractive index
difference between binder and monomer should be high, as
this directly determines the data-storage capacity of the
medium. Fluorinated compounds are particularly low refrac-
tive species. Inoue et al. showed that modified poly-perfluor-
ooctylethylacrylat can still be sufficiently compatible.[63]

4.2.4. Thermoplastic Media with High Glass-Transition
Temperature

For holographic storage media, simple media manufactur-
ing is desirable. Based on the injection molding technique
employed for CD, DVD, and BD media, it is technically
obvious to use this approach for holographic materials. For
this purpose, however, PVA and CAB do not show sufficient
form stability. A holographic medium based on such materials
must be poured into a mold, which typically consists of
optically transparent, non-birefringent double-diffracting
thermoplastics with high glass-transition temperature.
Bisphenol-A polycarbonate is almost exclusively used as the
thermoplastic in this case.

The design of media would be much simpler if the
holographic materials itself could fulfill these requirements so
that they could be injection molded directly. Castagna et al.
have proposed a triarylmethane 12 that as an organic glass
material inherently provides stable properties (Scheme 6).[64]

Dipentaerythrit-penta/hexaacrylate is used as the monomer,
which undergoes very little shrinkage during holographic
writing. However, relatively long exposure times and expo-
sure doses are required.

Conceptually similar is the formulation of Kou et al., who
propose a dendritic organic glass 13 with methyl methacrylate
as the writing monomer.[65] Dichloromethane is used as a
solvent for production and after removal a dry, thermally
stable film with good light sensitivity is obtained. For
industrial applications, however, the dimensional stability
must be optimized still further.

Scheme 5. Radical ring-opening polymerization for media with low
shrinkage.

Figure 6. a) Various thermoplastic materials for the preparation of
photopolymers have been described. The relative glass transition
temperatures (Tg) of the thermoplastics play an important role in the
production and stability of the holographic data-storage media: A high
Tg is necessary to form stable discs but also reduces the sensitivity of
the photopolymer and vice versa. b) Organic and inorganic cross-
linked binder constitutes the latest generation of photopolymer
materials and are superior to those of (a). Organic, cross-linked
photopolymers based on epoxy-amine, polyurethane, epoxy, and
orthoester-thiol chemistry show the best quality profiles. Acrylate
monomers are commonly used as writing monomers. Sol–gel net-
works have been described, but have long hardening times.
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4.2.5. Poly(methyl methacrylate) Formulations: A Special Case

Highly transparent thermoplastics, which are widespread
in industrial use, are suitable for the production of dimen-
sionally stable media. Doped poly(methyl methacrylate)
(PMMA) has been intensively investigated, which is prepared
using an in situ method: methyl methacrylate is mixed with
phenanthrene quinone (PQ) and a thermal initiator and then
is processed into a dimensionally stable thermoplastic
medium.[66] This media technology is characterized by very
low shrinkage and high refractive index modulation.

Franke et al.[67] have investigated the mechanism of
Benzyl Dimethyl Ketal doped PMMA, which is assumed to
hold for all doped PMMA photopolymers (see Scheme 7).
Under 366 nm irradiation the ketal 14 splits homolytically,
starting the polymerization of still available methacrylates or
adding to the PMMA itself. During the several hours
following exposure, Benzyl Dimethyl Ketal diffuses out of
the dark into the bright areas. In the subsequent lengthy
thermal processing residual benzyl dimethyl ketal continues
to migrate from the dark into the bright areas, thus further
increasing the refractive index modulation.

Napthoquinon (NQ) was recently proposed as an alter-
native to PQ, since it has a higher diffusion rate. NQ/PMMA
with a spectral operating range of 488–530 nm has been
described and offers a higher modulation index than PQ/
PMMA.[68,69]

4.2.6. Nanoporous Glasses as Structural Stabilizers

Porous glasses are an apparently elegant solution for the
most stable matrices.[70] Nanoporous glasses are produced by
selective hydrolysis of special glass mixtures, followed by
soaking in an a mixture of acrylates and photoinitiators, and
stabilization by partial photochemical cross-linking.[71] The
media show very low shrinkage. The problems here are the
complex manufacturing process, the adjustment of the
refractive indices to the matrix, and the size uniformity of
the nanopores in order to obtain perfectly clear media.

4.2.7. On the Way to Rugged, Light-
Sensitive Media with High
Data-Storage Capacity

For a new optical medium to
be acceptable, the capacity needs
to be at least ten times that of BD
media. New media for consumer
applications should therefore have
a capacity of 500 GB–1 TB. To
achieve this, one needs media
with thickness of > 100 mm.[72]

Schilling et al. mixed common
acrylic acid ester and vinyl
amines as the writing monomer
with a urethane acrylate resin 15
(Scheme 8).[73] After mixing and
media preparation partial cross-

linking was performed with UV radiation. A major advantage
of this production method is the low viscosity of the photo-
polymer. The reproducable partial cross linking of those
materials during media manufacturing still pose a major
challenge.

4.2.8. Orthogonalizing of Matrix and Writing Chemistry

The above-discussed use of an acrylate-containing oligo-
mer indicates a way to extend this concept through ortho-
gonalization of the binder chemistry and the writing chemis-
try. Conceptually, this is the logical further development of

Scheme 6. Organic glass former to create stable photopolymers according to Ref. [64,65].

Scheme 7. Writing mechanism of poly(methyl methacrylate) (PMMA)
doped with benzyl dimethyl ketal. Benzyl dimethyl ketal is cleaved
homolytically in the areas of constructive interference and polymerizes
residual monomers. In areas of destructive interference, no reaction
occurs and the unreacted initiator escapes in the subsequent baking
process.
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nanoporous glasses (see Section 4.2.6.). The crosslinked
binder is the matrix in which the writing chemistry is
(dimensionally) stabilized.

When a radical polymerization is used for writing, and an
epoxy/amine reaction (such as butanediol diglycidic ether
with ethylene diamine) for the cross-linking of the
matrix,[74–77] these reactions do not interfere. The advantages
of such a system were further exploited at Bell Laboratories
(and later at InPhase Technologies) and various combinations
of polymerization chemistry and matrix crosslinking chemis-
try were proposed (Scheme 9).[78] A high dynamic range can
be achieved by properly designing the matrix components on
one side and the monomers on the other to yield refractive
indices that are far apart. The higher the refractive index
difference between the two chemistries, the higher the data-
storage capacity.[79] However, for good media it is crucial to
optimize the compatibility not only of the raw components
themselves, but also of the polymerized monomers with the
crosslinked matrix.[80] Another important advantage is the
in situ production of the media, when the photo polymer is
immobilized between two substrates, so that optically flat and
sufficiently thick media are obtained. The media are rugged,
dimensionally stable, and the total refractive index of the
photopolymer changes only slightly when writing. Thus a
holographic data-storage medium that works well, and is easy
to prepare is obtained. It has also been shown that initiators
for red, green, and, especially important, blue lasers are
available.[81] The suitability of media for long-term storage
was also shown.[82]

In addition to isocyanate-alcohol[83] and epoxy/amine
crosslinking, also orthoester-anhydride crosslinking, poly-
propylene diglycidyl ether polyethylene imine crosslinking,
and epoxy-thiol cross-linking have been described.[51,84, 85]

Such media show a very balanced property profile with
good light sensitivity, high data-storage capacity, good optical
properties and long lifetimes.

4.2.9. From Sol–Gel Chemistry to Nanoparticles

In addition to the use of organic matrices, crosslinked
material concepts using inorganic–organic hybrid materials
are also possible. To this end, sol–gel chemistry is especially
promising for holographic applications, as hydrophilic mono-
mers can be easily processed and sufficiently thick media can
be obtained.[86,87] The refractive index of the matrix can be
increased through the addition of titanium and zirconium
alcoholates. By careful selection of silicon and alkyl silicon
alcoholates, the reactivity of alcoholates can be adjusted.[88]

For such formulations low refractive, common aliphatic

acrylic monomers, for example, acrylic
acid esters of aliphatic alcohols, are
used.

Improved compatibility of the mix-
tures was achieved by introducing alkyl
groups to the silicon alcoholate 21.[89]

Organic monomers can be introduced

into the corresponding photopolymer through the use of
triethoxy silylpropyl polyethylene glycol-carbamate 23 (see
Scheme 10).[90]

Controlled hydrolysis and subsequent condensation allow
for a high optical quality, even if the necessary production
times of several hours are relatively long and open surfaces
are required for the removal of the condensation products.[91]

On the other hand, metal chelates (zirconium isopropoxide/
methacrylate) can be used as monomers, which form high
refractive metal oxide nanoparticles with particularly low
turbidity.[92] This class of materials shows generally good

Scheme 8. In situ binder 15 on the basis of a C4-polyether isophorondiisocyanat urethanacrylate
according to Ref. [73].

Scheme 9. Components of a photopolymer based on dendritically
constructed acrylate monomers. The crosslinking binder is composed
of a polyurethane matrix, which has been constructed from a trifunc-
tional polyether and hexamethylene diisocyanate according to Ref. [83].
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holographic properties, but due to their lengthy preparation
process are less suitable for industrial applications.

The advantages of inorganic materials can also be used in
another way to prepare specialized optical materials. For
example, titanium dioxide exhibits a high refractive index
and, as a nano particle, can be transparent to visible light. A
mixture of pentaerythritol, isooctyl acrylate, and 4 nm nano-
titanium dioxide shows a index modulation of 0.015.[93] The
highly functional acrylate polymerizes rapidly, so that the
remaining components are displaced at the location of
polymerization. The nanoparticles accumulate in the unex-
posed, dark areas. If one uses SiO2 instead of TiO2, a lower
refractive index is obtained in the dark areas, while with TiO2

a higher refractive index can be detected by an optical phase
shift of 1808.[94] In general, nanoparticles are a useful addition
to the formulation of photopolymers. The optical quality and
the minimization of light scattering is strongly influenced by
the absolute particle size and distribution as well as by the
dispersion efficiency.

4.2.10. Liquid Crystals as Components in Photopolymers

Finally, photopolymers that contain liquid crystals as an
additive (H-PDLC = holographic polymer dispersed liquid
crystal) are discussed. A typical formulation consists of a
highly functional acrylate, N-vinylpyrrolidone as a chain
extender, the initiator system, and the liquid crystals. N-
vinylpyrrolidone is used to react with immobile macroradicals
and then to increase the double bond conversion with further
acrylate molecules. It also affects the rate of formation of the
nematic phase and its particle size.

Similar to formulations containing nanoparticles, the
liquid crystals diffuse to the dark areas during exposure.[95]

High refractive index modulations can be achieved if the
hologram is written above the nematic–isotropic phase
transition temperature. After cooling, the liquid crystals
reorganize themselves in the dark areas of holographic
imaging, so that high light scattering in the medium is
inhibited. If one writes, on the other hand, below the nematic–
isotropic phase transition temperature, the transparency
decreases with the progress of the lattice formation, because
in this case nucleation and growth of the nematic phase
droplets occurs.

The most important application of the H-PDLC is found
in a structure consisting of two conductively coated glasses
and the H-PDLC in between. Depending on the laser
geometry, diffractive gratings can be generated parallel or

perpendicular to the glasses, which can be switched by means
of electric fields. The applicability as a data-storage material
with good light sensitivity and high resolution has been
shown.[96]

4.3. Photochrome and Other Materials

A third principle for optical data storage is based on the
photochromic effect, which consists of a reversible photo-
transformation (Scheme 11).[97]

The state A, which defines the
usual conformation or constitution
of a part of a molecule, changes
after the interaction with electro-
magnetic radiation hn. Obviously,
during this process the absorption
spectra, as well as a number of other
physico-chemical properties (refractive index, dielectric con-
stant, redox potential and the molecular geometry) change.
This effect was described for the first time 1867 by Fritsche in
the reaction of tetracene with air and light.[98] Initially, such
reactions were described as “phototropic”; it was only in the
1950s that Hirshberg coined the term photochromism,[99]

which has been used ever since. Dyes are among the first
organic substances for which the photochromic effect has
been observed and described. In these substances, obviously,
the excitation is induced by visible light, leading to the name
“photochromic effect”, as the spectral absorption of state A
and B is different. In addition to this feature, photochromes
must have the already discussed general characteristics
required for optical data storage. For photochromic com-
pounds, this is, in particular, the thermal stability of the two
states A and B, which is not always given. Obviously, the
intrinsic advantages of holographic optical storage devices
such as, for example, high write/read speed, high spatial
resolution and multiplex recording also have to be met by
photochromic materials.[100] From the variety of possible
organic components relevant to data storage, the photo-
chemically induced cis/trans isomerization of the azo bond is
especially prominent and presented first.

4.3.1. Photo-Addressable Polymers: Photochromism with
Orientation

Azobenzene 24 is a representative of a well-known and
widely characterized group of photochromic molecules. The
photoeffect is based on molecular isomerization, which, in
this special case, is a trans–cis isomerization (Scheme 12). This
leads to a temporary conformational change with a different
spatial arrangement of the molecule. This isomerization is
also observed in polymers, when the azobenzene side-chain
molecules are bound to one side of the main chain.

Scheme 10. Precursors for sol–gel-based photopolymer; longer side
chains support the compatibility of the formulation. R =C1–C3.

[89, 90]

Scheme 11. Photochromic
effect.

Scheme 12. Azobenzene and the spatial arrangement of its isomers.
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At the molecular level the trans-cis-trans-cycles lead to a
cooperative rearrangement of the side groups away from the
polarization direction of the photophysically active light. This
effect can be macroscopically observed through a dichroism
and an anisotropy of the refractive index. In early studies on
the application of azo compounds in polymers for optical data
storage, the azo dyes Methyl Red and Methyl Orange were
dispersed in poly(vinyl alcohol). In this way, the above-
mentioned optical dichroism was demonstrated.[101, 102]

The fact that the photoinduced orientation anisotropy can
be erased by irradiation with circularly polarized or unpolar-
ized light is of great relevance to the technical usability of
photo-addressable polymers (PAP). In conjunction with the
second phenomenon that the side chain orientation can be
“overwritten” through a rotation of the polarization direction
of the light, preferably by 90 8, write/erase/write concepts
become available for data storage. This finding enables PAP
materials to be used besides so-called holographic WORM
media (Write Once Read Many), for which they are suitable
thanks to their good volume stability, but furthermore also as
a re-writable (R/W) data storage.[103] In summary, in contrast
to photopolymers, in PAPs no reaction with bond opening or
bond breaking takes place upon light irradiation, but only a
reorientation of the side chains, which, under certain con-
ditions, can be even reversible.

In the production of azopolymers it is possible to
distinguish between unstable and stable groups; their syn-
thesis, characterization, and fields of application have been
described in detail.[104] In principle, the azobenzene units can
be installed in the polymer in three different ways: from an
historical point of view, the first polymers were host-guest
systems, in which the azobenzene molecules were dissolved in
the polymer matrix. Later, fully functionalized polymers
followed, in which the azobenzene groups were chemically
bonded as side chains or as part of the main chain, the
backbone of the polymer.[105, 106] The functionalization allowed
significantly higher degrees of doping and thus stronger, more
efficient, and long-term stable photo orientations.

The dynamics of the side chain depends on the strength of
the coupling to the main chain or by the degrees of freedom of
the azo groups, as shown through investigations using differ-
ent spacer lengths between the azo group and the main
chain.[107–109] Researchers continually sought the optimum
balance between high stability in dark storage and high
sensitivity when exposed to linearly polarized light.

The isomerization of azobenzene units in polymer side
chains was described for the first time in 1972. The presumed
mechanism was an inversion at one of the two nitrogen atoms.
For most azobenzene compounds, the trans form (“E Form”)
is thermodynamically more stable than the cis form (“Z
form”). For azobenzene itself the difference is 50 kJ mol�1

.
[110]

The cis form is, however, the photochemically favored con-
formation. Usually, the photochemical conversion takes place
with high quantum yields; on the other hand, the reverse
isomerization, which follows a first order kinetics, is usually
also a fast process.[111] The azobenzene unit acts as a
chromophore that absorbs the incident light. The absorption
spectrum contains a p–p* band (often in the UV range) and
an n–p* band (often weaker in intensity and in the visible

range). To obtain a stable isomerization product, the distance
between the two bands should be sufficiently large and the p–
p* band should be in the region of shorter wavelengths.[110]

In the isomerization of the nitrogen–nitrogen double bond
from trans to cis, the rod-shaped azobenzene is converted into
a bent form. It must be noted that as a steric requirement for
the rearrangement of the double bond a free volume of about
10�1 nm3 must be available.[112] Assuming a rotation as the
prevalent mechanism for the isomerization, the required free
volume would be significantly larger, approximately 3.8 �
10�1 nm3.[113] Below the glass transition of the polymer
matrix, the isomerization proceeds significantly slower, thus
requiring a sufficiently flexible matrix.[114] A crosslinked
matrix decreases the speed of isomerization.[115] Similarly,
the isomerization is slowed as the main chain of the polymer
or the spacer in the side chain becomes more rigid.[111, 116]

For some of the azobenzene units, an abnormally rapid
isomerization reaction can be observed above the glass
transition, which was interpreted as an evidence for a non-
uniform distribution of free volume in the polymer.[117] In
contrast, a part of the azobenzene units isomerized much
slower than expected from the kinetics in solution. This
percentage correlates with the difference of the isomerization
temperature and the temperature of the glass transition.[113]

The optical properties of the PAP are influenced crucially
by substitution at the azobenzene unit. Through the selection
of suitable substituents both the absorption spectrum of the
chromophore and the kinetics of the isomerization reaction
can be tailored. In addition, the refractive index of the
material changes in the exposed areas through the isomer-
ization of the azo bonds.[118] To achieve a high refractive index
difference Dn in the exposure, long, rod-like substituents are
preferred.

Often, the conformational changes that result from the
described rearrangement of the double bond are not stable
over a sufficiently long time. This instability can have both
thermodynamic and photochemical reasons. The thermody-
namic reason is represented by the slow relaxation of an
anisotropic amorphous state back in the more favorable
entropically disordered state. This phenomenon is often
referred to as “physical aging”. In mode theory, it is assumed
that the b and g relaxations of the side chain molecules of the
polymer are still weakly active in the glass state. The volume
theory explains “physical aging” with the presence of free
non-equilibrium volume, without conflicting with the prior
model. Azo groups that are located in the vicinity of such a
cavity can arrange themselves in a thermodynamically
favorable fashion. Azo groups, which have enough local free
volume are “hooked” in the polymer and therefore stable in
terms of orientation.

Therefore, the conformational changes of individual azo
groups are not important for optical data storage, but rather
the steric cooperative rearrangement of the azobenzene units
during exposure to linearly polarized light.[119] The photo-
physical effect can be explained as follows: during the light
stimulus a rearrangement between the stretched trans and the
bent cis form occurs. However, only those azobenzene units
can be excited by the polarization of the incident light for
which the orientation of the molecular axis (in the trans form)
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in the matrix has a parallel component to the polarization
direction of the excitation light. All the azobenzene units that
are completely perpendicular to the polarization direction of
the excitation light are almost invisible to the excitation light.
This effect can be explained by looking at the relevant
molecular parameter: the dipole moment of the transition. In
push-p-pull substituted azocompounds, the transition
moment is, in a first approximation, a vector that is parallel
to the molecular axis. As the excitation probability is propor-
tional to the square of the angle between the polarization
vector and the molecular axis, only molecules “correctly”
oriented will be excited.

For the trans-cis back isomerization all the directions are
equal, but only the azobenzene units lying in the polarization
direction are further excited; this leads, as depicted in
Figure 7, to an accumulation of azobenzene units perpendic-
ularly aligned to the polarization direction of the excitation
light over the exposure time.[120] An anisotropically oriented
preferred orientation is created from the initially isotropic
distribution of the azobenzenes, whose optical properties are
correspondingly different. This process is known as orienta-
tion hole burning, as during its course less and less chromo-
phores can be addressed by the light.

The orientation of the azobenzene units and the thus
generated patterns are largely stable at temperatures below
the glass transition temperature of the polymer, TG, the
limitations have been mentioned previously. The orientation
is basically “frozen” as long as no circularly polarized light is
allowed to interact or the polymer is heated to temperatures
close to TG.[116]

The described change in the orientation of the azoben-
zene units can be amplified and stabilized when mesogenic
side chains are inserted in the polymer matrix in addition to
azobenzene units. These side chains are supposed to
strengthen the steric effect by stabilizing the new orientation
of the chromophore by means of spontaneous spatial arrange-
ment of the non-photo active mesogenic units.[121] This effect
also occurs with a pure trans–cis isomerization in the presence
of other mesogenic groups.[119, 122–124] For this to occur, the
substituents at the mesogenic units have to be adjusted to the
azobenzene side chains to create steric or dipolar interactions.
Investigations have shown that this so-called “neighboring”
effect occurs only for groups of the same polymer backbone.
The interaction of groups of different polymer chains is
therefore negligible.[125] Careful selection of the substituents
and an optimized ratio between mesogenic and chromophoric
side chains allows a Dn value of 0.5 to be reached for these
copolymers.[126] It has been found that the optimal ratio
between mesogenic and chromophoric side chains in the
copolymer appears to be just on the edge of the formation of a
liquid-crystal from the amorphous phase content.

In 1987, several years after the first publications on the
cis–trans phenomenon, the requirements for the reversible
storage of data were satisfied using PAP. At the same time, a
liquid crystalline copolymer, made out of a combination of
photo active and photo inactive side chains has been
described.[127]

When tailoring a suitable data-storage material, a balance
has to be found between the necessary flexibility to allow the

isomerization of the nitrogen double bond and the stability of
the written data (i.e. the aligned domains). To improve the
stability of the alignment, several aspects can be advanta-
geous: high glass transition temperatures of the matrix, a
suitable design of the co-monomers, short spacer units as well
as liquid crystallinity very precisely adjusted in its strength,
which allows a stable orientation of amorphized PAP at room
temperature.[108, 109,128]

In addition to the above-described change of the absorp-
tion properties, changes in the viscosity, in the solubility, in the
mechanical properties, the surface energy, weathering, and
other parameters of photo-addressable polymers can occur as
well.[111, 129–136]

The rewritability of the material is achieved through
irradiation with circularly polarized light; in this way the

Figure 7. Polymerized azobenzenes. Gray ellipses: side chain groups
based on azobenzenes. light Ellipses: mesogen side chain groups,
which follow to photoorientation of the azobenzenes and stabilize
them. The main chain of the polymer is shown as a gray line as are
the short (CH2)2 spacers, which make the link between side chain and
main chain flexible. Large circle: Light field, in this case linear
(horizontal) polarized monochromatic light, that leads to an ordered
photoorientation of the side chains.
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anisotropically oriented azobenzene units are statistically
realigned over a new trans-cis-trans isomerization cycle. In the
literature, over 300 cycles of rewritability are reported.[137]

However, the complete deletion of all data is not a trivial step
and is usually not practical to achieve.[116]

4.3.2. Light-Induced Electrocyclic Reactions and Their
Application in Holographic Data Storage

Pericyclic reactions of selected highly functionalized
classes of compounds have also proven to be significant for
optical data storage (Scheme 13).[138]

Specifically, selected spiro(benzo)pyrans 25 and spiroox-
azines 26 show the tendency to undergo a cycloreversion upon
irradiation.[139] However, in the transition from the colorless
spiro form into the colored merocyanine the charges are
formally separated so that even low thermal stress or long-
wave radiation can lead again to electrocyclic ring closure.[140]

The relatively low stability of the ring-open form can be
increased by electron-withdrawing substituents such as nitro
or CF3 groups, but the reverse reaction is never completely
suppressed.[141] The absorption maximum can be shifted by
other substituents. Another feature of the ionic merocyanine
form is a strong tendency to aggregate, both in solution and as
film. This reveals an intrinsic weakness of this class of
compounds that has prevented the construction of stable
data-storage media based on this approach because only a few
read/write cycles can be performed.[142]

However, the above-mentioned spiro compounds have
opened the field, and fulgides have recently been investigated
intensively, as they should have the necessary prerequisites
for optical data storage (Scheme 14).[143] The relatively easy
accessibility of these derivatives of 1,3-butadiene-2,3-dicar-
boxylic acid and their corresponding anhydrides obtained
through the Stobbe condensation has resulted in a wide
variations of this structural class over the last 100 years.[144]

The transition of the colorless ring-open form into the
cyclic form takes place in two stages: The thermodynamic
product 27 a is first converted into the intermediate 27b
through a double bond isomerization, and a further light
absorption leads to the closed form 27c, following a 6p-
electrocyclization reaction. The cyclic form 27c is thermody-
namically stable, but according to some reported anomalies,
in selected sterically very hindered molecules such as 29,
prolonged heating can lead to the cleavage of ethane, which
results in the formation of compound 30 upon aromatization
(Scheme 15).[145]

The recent synthesis of a variety of heteroatom-substi-
tuted fulgides led to examples with very short response time
(in the nano-to pico-second range), high reversibility of
photochromism, very good thermal stability and high quan-
tum yield, for which up to 105 read/write cycles have been
reported.[146] The announcement of the Fluorescent Multi-
layer Disc (FMD) by Constellation 3D Inc., with a capacity of
approximately 140 Giga-byte and a data rate of 1 GBsec�1,
whose technological concept was based on fulgidas, however,
was not a commercial success, mainly because of the lack of
long-term stability.[147]

Diaryl ethylenes 31–32 have proved very promising for
optical data storage. They consist of cis-configured diary-
lethenes, usually electron withdrawing substituted internal
olefins (Scheme 16).[148]

The lack of long-term stability often observed in these
classes of compounds can probably be attributed to the
relatively large underlying negative entropy of activation of
the cyclization and its slightly positive activation enthalpy.
Another difficulty stems from the fact that the electrocyclic
reactions leads, as expected, to the formation of by-products.
If a selectivity of 99.9:0.1 is assumed, a 10-fold reaction from
state A to B (write/read cycle) leads to the formation of
approximately one% of by-product. Based on these consid-
erations as of today, rewritable optical data storage based on
electrocyclic reactions does not appear very promising.

Among the other exploratory approaches for holographic
data storage, anthracene or bacterioorhodopsin-based
approaches should be mentioned.[149–151]

Scheme 13. Cycloreversion of spiro(benz)pyrans 25 and spirooxazines
26 under irradiation.

Scheme 14. Photochemistry of fulgides and fulgimides.

Scheme 15. Elimination of ethane from fulgide 29.

Scheme 16. Photochemistry of diaryl ethenes.
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4.4. A Comparison of the Material Concepts

In Table 1, the material concepts are compared qualita-
tively. For a long time, photorefractive media such as crystals
of lithium niobate have been the only high-quality model
systems available. They are characterized by their high optical
quality and the absence of shrinkage during the writing of the
hologram. However, industrial-scale, economic production is
not yet possible. Photopolymers, on the other hand, show very
good general properties; however, the material shrinkage has
to be taken into account and compensated for. Photo-
addressable polymers (PAP) and photochromic materials
are very good with regards to manufacturing and in their
optical quality, but cannot convince with their data capacity
due to self-absorption. Another disadvantage is their low light
sensitivity. For write-once media, photopolymers are the
preferred class of materials, on which research focuses on
today. For rewritable media different classes of materials have
been developed, which show interesting features; still, for
industrial use further improvements are necessary.

5. Prototype Holographic Optical Data-Storage
Systems

In addition to the development of photoactive, holo-
graphic materials and media there is also the need to adjust
the drive technology to the material performance, and
conversely to adjust the material performance to the drive
technology. In traditional and established optical data-storage
material, media and drive developers do not necessarily work
in the same companies or institutions. Because holographic
optical data storage is still in the pre-commercial phase, often
the core competencies are all concentrated on a focus point or

there are very close collaborations between various centers of
excellence.

Drive development takes place predominantly along the
above described “page-wise” or “bit-wise” technologies. For
the next generation of optical data storage after BD, a
potential capacity of 1 TByte is regarded as a minimum
requirement to achieve broad acceptance in the consumer
market. In addition, a rate of data transfer is required such
that a medium can be completely written in around 2 hours. In
view of this requirement, “bit-wise” seems to be a very
challenging approach, because the data transfer rate can
hardly be increased beyond that of a single layer. Currently,
with the fastest Blu-ray recorders (12x write speed), 25 GB
can be written in approximately 10 minutes. That would still
mean six hours and 40 minutes of writing time at 1 TByte of
capacity, i.e., 40 layers. Furthermore, the photosensitivity of
the materials that are currently being considered for “bit-
wise” is far from that needed today for already existing optical
data storage. Therefore, “page-wise” appears as a promising
way to satisfy the data rate requirements with the used
materials. This, however, comes at the expense of compati-
bility and synergy losses with already existing ODS technol-
ogies, concerning optical pickup, data coding, and data
processing.

In the following, the status of the best and most advanced
system demonstrations is described, first the “bit-wise”, and
then the “page-wise” technology.

5.1. “Bit-Wise” Prototypes

For this technology, a photoactive, holographic material
with a threshold behavior with respect to the laser power is
preferable. Nevertheless, the hitherto most advanced system

Table 1: Qualitative assessment of material concepts for holographic data storage.

Property Photorefractive Photopolymer Photochrome
Photo-addressable Electrocyclic

volume shrinkage
during writing

+ � + +

light-sensitivity �� ++ � *

data capacity + + ++ * *

optical quality + + LiNbO3/� ++ + + ++

reproducibility � ++ + *

processing suitability
of the medium

�� + + +

long term stability
of the holograms

�� + * �

other large electrical voltage;
rewriteable

write once polarization holography possible;
limited adsorption
media thickness limited,
rewriteable

rewriteable
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demonstrations have been realized with traditional photo-
polymers. Only GE Global Research claims to having
developed a photochromic material that shows a threshold
behavior with respect to the laser power. The quality of the
data presented varies from a simple demonstration of the
possibility to write quasi-statically a virtual Pit and then to
extrapolate to the capacity of a 12 cm disc, in which under
certain conditions an increase in the NA of the objective lens
might proof necessary from the demonstration to the drive, to
have quasi-dynamic writing of several superimposed layers, to
the fully controlled system demonstration with tracking and
focusing servo.

In 2008, GE Global Research published the first data on
polymer discs doped with photochromic dyes, which showed a
threshold behavior with the energy dose.[152] These experi-
ments were conducted with two counter propagating focused
laser beams with wavelength in vacuum of 532 nm. With an
NA valueof 0.2, pits 1.5 microns apart could be resolved along
the track in a quasi-static experiment. The depth of the pits
was reported as approximately 12.9 micron FWHM and the
minimum dose required to write was 0.5 mJ. In 2009, the same
group announced a 100-fold higher reflectivity of such micro-
holograms, which are supposed to be readable by Blu-ray
optics.[153] The materials were written at a wavelength of
405 nm. A possible data capacity of 500 GB on a 12 cm disc
has been extrapolated.

Furthermore, in 2008 Orlic et al. demonstrated in a quasi-
dynamic writing experiment (without servo-control) pit
dimensions of up to 200-300 nm in a photopolymer by
Aprilis.[18] The laser wavelengths used were 532 nm or
405 nm. The track pitch was reduced to 500 nm and the
distance between the information layers was only 2 microns.

The most advanced system demonstration with a view to a
practical drive originates from Sony.[154] The setup works with
a 405 nm laser and two beams in opposite direction for
recording the information. A track servo and an auto focus
servo guarantee dynamic control during the recording and
readout process. The NA value of the objective lens is 0.51,
the realized track pitch is 1.1 microns and 1.9 GB/layer was
achieved. The linear speed along the track is 0.15 ms �1, which
is still very small (Blu-ray 1x uses ca. 5 ms�1). The distance
between the layers, 25 microns, is still very large, but it is
possible to realize 10 layers. Interestingly, less than 10 % jitter
is observed in the read signal, which is very close to
commercial optical discs. The jitter describes the fuzziness
of the pit lengths and thus the accuracy of the information.
The holographic medium used was a photopolymer from
Nippon Paint.

A major simplification in the optics can be achieved if for
writing the holograms the opposing beam can be generated
through an integrated mirror in the medium (Lippmann
construction). The requirements of the coherence length of
light would be drastically reduced as well. However, when
reading the information, this mirror generates a high-level
direct current (DC) signal that masks the small signal changes
through the pits completely. It has been successfully demon-
strated how this DC contribution can be suppressed through a
balanced homodyne detection.[155]

5.2. “Page-Wise” Prototypes

The “page-wise” approach is the classic method used by
holographic optic data-storage systems to save the data within
the entire volume of the record carrier. As previously
mentioned, a thick storage unit is essential to achieve high
storage capacity. The resulting high Bragg selectivity requires
both the carrier and the drive components to have high
macroscopic dimensional stability, because slight changes in
the thickness of the medium or in the adjustment of the
optical drive lead to a violation of the Bragg conditions.
Therefore, for the development of a feasible system, it is not
sufficient to consider the data capacity and data transfer rate
alone; the flexibility of the system, the carrier, and the drive
to dimensional changes resulting from thermal expansion,
vibration, and misalignment of the optical components must
also be taken into account.

5.2.1. Coaxial Shift multiplexing

As for two-beam multiplexing (see Section 3), a test bed
for holographic discs was built by the PRISM and the HDDs
consortiums with a beam configuration following the princi-
ple of coaxial shift multiplexing. In this case the investigation
and demonstration of various aspects of system architecture
and media was of prime interest. Here, green laser sources
were applied. The data, however, was still read out in
transmission through the disc on the opposite side of the
writing head. The first complete disk-drive solution, able to
write and read from the same side, used a disc based on green-
sensitive photopolymers introduced by Optware.[156] This
solution led to the definition of HVD (Holographic Versatile
Disc) standards, which, in their initial versions, defined a
recordable disc with a 200 GB capacity and the pre-recorded
discs with a 100 GB capacity.[157] Sony refined this principle
with the application of a blue-violet laser with a wavelength of
405 nm and an objective lens with an NA value of 0.85. They
demonstrated data densities of 270-415 Gbit/in2 on a photo-
polymer-based system, which corresponded to a 12 cm disc of
approximately 500 GB data capacity.[158, 159] Further methods
to increase the data density, also based on this coaxial drive
technology, have been proposed, using phase modulation of
the pixels in the data page of the spatial light modulators
(SLM). This allows the coding of gray-scale, that is, “multi-
level” data, in the data page. The potential feasibility of this
approach has been recently demonstrated in the MEXT
project.[160]

5.2.2. Coaxial Phase Multiplexing

A coaxial beam with the ability to write and read the data
from the same side has been demonstrated in card media.[161]

For this purpose, a thin polymer film based on liquid
crystalline side-chain polymers of azobenzene was used as
the medium. As in this case polarization holography (with two
lasers) can be used, phase multiplexing of the data pages
becomes possible. A laser with a wavelength that overlaps
with the absorption band of the azobenzene molecule writes
the data and a laser with a higher wavelength, which operates
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outside the absorption band, reads the data. In a prototype,
data densities of 0.65 Gbit in�2 and a data transfer rate of
1.6 Mbits per second have been demonstrated.

5.2.3. Two-Beam Angle Multiplexing

In the 1990s, the PRISM tester, which was one of the first
test beds, was developed to investigate various aspects of
system architecture and media.[162] The PRISM tester worked
with a 08/908 geometry between the beam axis of the signal
and of the reference, and used angle multiplexing. A laser
with a wavelength of 532 nm was employed. Variations of this
concept have also been implemented as DEMON I and II at
IBM. These designs had been created to accommodate
LiNbO3 crystals as the medium. Read-only memory (ROM)
with the data stored in photorefractive crystals was developed
as a prototype in a 19-inch industrial rack from the University
of Cologne, and presented by OPTOSTOR AG at the CeBit
’99 in Hannover.[163]

Complete drive–media systems based on two-beam angle
multiplexing have been developed by the company InPhase
Technologies. In a system designed for professional archival
storage, up to 300 GB of user data can be stored, with data
transfer rates of 160 Mbits per second.[14] A laser with a
wavelength of 405 nm is employed to achieve the maximum
possible data capacity. Fourier optics are used for the signal
beam and a plane wave is used as the reference beam. The
angle of the reference beam is adjusted with a galvanic mirror.
The data readout is done in reflection from a phase conjugate
mirror (i.e., double passage through the medium) to com-
pensate as far as possible for the optical interference of the
wave front through the medium itself. The medium is a disc
with a diameter of 13 cm based on the photopolymer Tapestry
300 HR. Hitachi, and InPhase Technologies have presented a
further simplification of this optical system, in which the
reference and signal beams pass through different areas of the
objective lens of a blu-ray disc with a NA value of 0.85.[164] The
phase-conjugating mirror is implemented as an impressed
groove structure in one of the polymer substrates, very similar
to the pre-groove structure in a CD-R or DVD-R. With this
system the data densities are equivalent to those correspond-
ing to a data capacity of 500 GB on a 12 cm disc.

6. Conclusions and Outlook

We have reported on basic optical design as well as the
corresponding system demonstrations of holographic read–
write devices and have given an overview on photorefractive,
photochromic materials, as well as on photopolymers. The
latter show a balanced performance profile and are therefore
ideal to develop the fourth generation of optical media.

The needs of society for digital mass storage devices will
continue to grow in the same breathtaking pace, which has
been unanimously observed from the beginning of the “digital
revolution”. The introduction of the compact disc was
preceded by a wave of innovation, which converted optical
digital data storage into a product suitable for everyday use.
Optical data-storage technology is very inexpensive, provides

users with medium-speed access, is robust, and has a long
lifetime. The separation between medium and reading devices
allows for easy scaling of the capacity, so that this technique
can be used for backup solutions, that is, medium-term
backup and archiving appropriate for the long-term storage of
data.

Solid-state memory systems, magnetic hard drives, and
online storage continue to compete for the attention of
customers. Solid state memories are ideal for mobile appli-
cations, as they contain no mechanical parts and are built in a
compact way. Since they will remain relatively expensive, they
are especially suitable for temporary data storage. In terms of
storage capacity, hard discs are very inexpensive. Because of
the fast data access and high capacity, they are suitable for
applications with direct availability in a stationary environ-
ment. However, their disadvantages are high energy con-
sumption in continuous operation and a very limited lifetime.

We have summarized the various approaches in the field
of holographic optical data storage and we see that some of
these approaches are close to launch as a fourth-generation
optical media. This raises the question which of these
technologies offers the best price-to-performance ratio for
which market segment. Holographic data storage has the best
prospect for long-term archiving in a professional environ-
ment, for which not only the initial price, but also operating
costs and conversion costs play a key role. Users would still
have to replace the currently used magnetic tapes. The
development of consumer products is a logical step, but
requires standardized low-cost read–write devices that have
yet to be developed.

Received: April 8, 2010
Revised: July 28, 2010
Translated by Dr. Francesca Novara, Weinheim

[1] A. B. Marchant, Optical Recording. A Technical Overview,
Addison-Wesley, 1990 ; G. Bouwhuis, J. Braat, A. Huijser, J.
Pasman, G. van Rosmalen, K. Schouhaner Immink, Principles
of Optical Disc Systems, Adam Hilger, Bristol, 1985 ; Handbook
of Magneto-Optical Data Recording (Eds.: T. W. McDaniel,
R. H. Victoria), Noyes, Westwood, 1997.

[2] M. Shinoda, K. Saito, T. Ishimoto, A. Nakaoki, M. Yamamoto,
O. Maeda, T. Hashizu, T. Asano, K. Aga, K. Takagi, M. Tazoe,
High Density Near Field Optical Disc System, Joint ISOM/ODS
2005 Technical Digest, 2005, WD1.

[3] J. Tominaga, T. Nakano, N. Atoda, Appl. Phys. Lett. 1998, 73,
2078.

[4] J. K. Lee, A. S. Jeong, J. H. Shin, M. D. Ro, J. H. Kim, K. G.
Lee, J. G. Kim, N. C. Park, Super-Resolution Readout in Near-
Field Optical System, ISOM 2007 Technical Digest, 2007, Tu-G-
05.

[5] M. P. O�Neill, T. L. Wong, ODS 2000 Technical Digest, 2000,
170.

[6] H. Hayashi, N. Minagawa, T. Goto, H. Fujimoto, K. Saito, M.
Kaneko, ISOM 2003 Technical Digest, 2003, We-E-08.

[7] Y. Sabi, M. Yamamoto, H. Watanabe, T. Bieringer, D. Haarer,
R. Hagen, S. G. Kostromine, H. Berneth, Photoaddressable
Polymers for Rewritable Optical Disc Systems, ISOM 2000
Technical Digest, 2000, We-C-04.

[8] B. Strehmel, V. Strehmel in Two-Photon Physical, Organic, and
Polymer chemistry (Advances in Photochemistry, Vol. 29) (Eds.:
D. C. Neckers, W. S. Jenks, T. Wolff), 2007, pp. 111 – 354.

T. F�cke et al.Reviews

4570 www.angewandte.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2011, 50, 4552 – 4573

http://dx.doi.org/10.1063/1.122383
http://dx.doi.org/10.1063/1.122383
http://www.angewandte.org


[9] T. Shiono, T. Itho, S. Nishino, Jpn. J. Appl. Phys. Part 1 2005, 44,
3559.

[10] O. M. Alpert, A. N. Shipway, Y. Takatani, K. Nakao, O. Eytan,
D. Leigh, M. Arise, Dynamic Two-Photon Recording and
Readout of Over 100 Layers of Data, ISOM 2007 Technical
Digest, 2007, TU-G-04.

[11] E. P. Walker, A. S. Dvornikov, K. D. Coblentz, P. M. Rentzepis,
Terabyte Recorded in Two-Photon 3D Disk, Joint ISOM/ODS
2008 Technical Digest, 2008, TD05-03.

[12] M. S. Akselrod, S. S. Orlov, G. M. Akselrod, Bit-Wise Volumet-
ric Optical Memory Utilizing Two-Photon Absorption in
Aluminum Oxide Medium, ISOM 2003 Technical Digest, 2003.

[13] L. Dhar, MRS Bull. 2006, 31, 324.
[14] L. Dhar, K. Curtis, T. F�cke, Nat. Photonics 2008, 2, 403.
[15] F. S. Chen, J. T. LaMacchia, D. B. Fraser, Appl. Phys. Lett. 1968,

13, 223; D. L. Staebler, W. J. Burke, W. Philips, J. J. Amodei,
Appl. Phys. Lett. 1975, 26, 182.

[16] J. Frejlich, Photorefractive Materials, Wiley-Interscience, Hobo-
ken, 2007.

[17] G. K. Ackermann, J. Eichler, Holography A Practical
Approach, Wiley-VCH, Weinheim , 2007, p. 241.

[18] S. Orlic, E. Dietz, S. Frohmann, J. Gortner, A. Guenther, J.
Rass, Microholographic Data Storage Towards Dynamic Disk
Recording, Joint ISOM/ODS 2008 Technical Digest, 2008,
TD05-08.

[19] T. Horigome, K. Saito, M. Miyamoto, K. Hayashi, G. Fujita, H.
Yamatsu, N. Tanabe, S. Kobayashi, T. Kudo, H. Uchiyama,
Recording Capacity Enhancement of Micro-reflector Recording,
ISOM 2007 Technical Digest, 2007, Mo-d-01.

[20] M. Dubois, X. Shi, C. Erben, B. Lawrence, E. Boden, K.
Longley, Micro-Holograms Recorded in a Thermoplastic
Medium for Three-Dimensional Data Storage, Joint ISOM/
ODS 2005 Technical Digest, 2005, MB2.

[21] H. Kogelnik, Bell Syst. Tech. J. 1969, 48, 2909.
[22] a) F. H. Mok, G. W. Burr, D. Psaltis, Opt. Lett. 1996, 21, 896;

b) A. Pu, K. Curtis, D. Psaltis, Opt. Eng. 1996, 35, 2824.
[23] A. Ashkin, G. D. Boyd, J. M. Dziedzic, R. G. Smith, A. A.

Ballmann, H. J. Levinstein, K. Nassau, Appl. Phys. Lett. 1966, 9,
72.

[24] See Ref. [15a].
[25] See Ref. [15b].
[26] K. Sutter, J. Hullinger, P. G�nter, Solid State Commun. 1990, 74,

867; K. Sutter, P. G�nter, J. Opt. Soc. Am. B 1990, 7, 2274.
[27] S. Ducharme, J. C. Scott, R. J. Twieg, W. E. Moerner, Phys. Rev.

Lett. 1991, 66, 1846.
[28] R. M. Shelby, J. A. Hoffnagle, G. W. Burr, C. M. Jefferson,

M. P. Bernal, H. Coufal, R. K. Grygier, H. G�nther, R. M.
Macfarlane, G. T. Sincerbox, Opt. Lett. 1997, 22, 1509.

[29] P. Yeh, Introduction to Photorefractive Nonlinear Optics, Wiley,
New York, 1993.

[30] F. W�rthner, R. Wortmann, R. Matschiner, K. Lukaszuk, K.
Meerholz, Y. DeNardin, R. Bittner, C. Br�uchle, R. Sens,
Angew. Chem. 1997, 109, 2933; Angew. Chem. Int. Ed. 1997, 36,
2765; S. Schloter, U. Hofmann, R. Hagen, C. Hohle, K. Ewert,
P. Strohriegl, C.-D. Eisenbach, H.-W. Schmidt, D. Haarer, Proc.
SPIE-Int. Soc. Opt. Eng. 1997, 142, 3144.

[31] W. E. Moerner, A. Grunnet-Jepsen, C. L. Thompson, Annu.
Rev. Mater. Sci. 1997, 27, 585.

[32] D. Wright, M. A. Diaz-Garcia, J. D. Casperson, M. DeClue,
R. J. Twieg, Appl. Phys. Lett. 1998, 73, 1490.

[33] W. E. Moerner, S. M. Silence, F. Hache, G. C. Bjorklund, J. Opt.
Soc. Am. B 1994, 11, 320.

[34] H. B�ssler, Phys. Status Solidi B 1993, 175, 15.
[35] D. H. Close, A. D. Jacobson, J. D. Margerum, R. G. Brault, F. J.

McClung, Appl. Phys. Lett. 1969, 14, 159.
[36] W. S. Colburn, K. A. Haines, Appl. Opt. 1971, 10, 1636.
[37] G. Zhao, P. Mouroulis, J. Mod. Opt. 1994, 41, 1929.

[38] I. Naydenova, R. Jallapuram, R. Howard, S. Martin, V. Toal,
Appl. Opt. 2004, 43, 2900.

[39] S. Martin, C. A. Feely, V. Toal, Appl. Opt. 1997, 36 , 5757.
[40] F. O�Neill, J. R. Lawrence, J. T. Sheridan, Appl. Opt. 2002, 41,

845.
[41] J. T. Sheridan, J. R. Lawrence, J. Opt. Soc. Am. A 2000, 17, 1108.
[42] M. R. Gleeson, J. V. Kelly, D. Sabol, C. E. Close, S. Liu, J. T.

Sheridan, J. Appl. Phys. 2007, 102, 023108.
[43] V. V. Shelkovnikov, Opt. Spectrosc. 2005, 99, 806.
[44] S. Blaya, L. Carretero, R. F. Madrigal, A. Fimia, Appl. Phys. B

2002, 74, 243.
[45] W. J. Tomlinson, E. A. Chandross, H. P. Weber, G. D. Aumiller,

Appl. Opt. 1976, 15, 534.
[46] S. Setthachayanon, X. T. Phan, M. D. Michaels, B. C. Ihas

(InPhase), US 0224250, 2003.
[47] C. Barner-Kowollik, Macromol. Rapid Commun. 2009, 30,

1961.
[48] I. Pascual, C. Garcia, A. Belendez, A. Fimia, Recent Res. Dev.

Opt. 2001, 1, 177.
[49] D. A. Waldman, H.-Y. S. Li, M. G. Horner, J. Imaging Sci.

Technol. 1997, 41, 497.
[50] E. S. Kolb, K. D. Hutchison, D. A. Waldman (Aprilis), WO

0211208, 2008.
[51] K. Choi, J. W. M. Chon, M. Gu, N. Malic, R. A. Evans, Adv.

Funct. Mater. 2009, 19, 3560.
[52] A. J. Daiber, R. Snyder, J. Colvin, R. Okas, L. Hesselink,

Optical Soc. Amer. Annu. Meeting, Long Beach, 1997, Paper
ThR3.

[53] J. H. Hong, I. McMichael, T. Y. Chang, W. Christian, E. G.
Paek, Opt. Eng. 1995, 34, 2193.

[54] See Ref. [28].
[55] S. Gallego, M. Ortuno, C. Neipp, C. Garcia, A. Belandez, I.

Pascual, Opt. Express 2003, 11, 181.
[56] V. Pramitha, K. P. Nimmi, N. V. Subramanyan, R. Joseph, K.

Sreekumar, C. S. Kartha, Appl. Opt. 2009, 48, 2255.
[57] U.-S. Rhee, H. J. Caulfield, C. S. Vikram, J. Shamir, Appl. Opt.

1995, 34, 846.
[58] M. L. Calvo, P. Cheben, Adv. Inf. Opt. Photonics 2008, 10, 285.
[59] H. Coufal, Nature 1998, 393, 628.
[60] H. Yoon, H. Yoon, S.-H. Paek, J.-H. Kim, D. H. Choi, Opt.

Mater. 2005, 27, 1190.
[61] G. W. Kim, W. G. Jun, S. K. Lee, M. J. Cho, J.-I. Jin, D. H. Choi,

Macromol. Res. 2005, 13, 477.
[62] D. A. Waldman, C. J. Butler, D. H. Raguin, Proc. SPIE-Int. Soc.

Opt. Eng. 2003, 5216, 10.
[63] K. Satoh, K. Aoki, M. Hanazawa, T. Kanemura, P. B. Lim, M.

Inoue, Jpn. J. Appl. Phys. 2009, 48, 03A030.
[64] R. Castagna, F. Vita, D. E. Lucchetta, L. Criante, F. Simoni,

Adv. Mater. 2009, 21, 589.
[65] H. Kou, W. Shi, D. J. Lougnot, Y. Lu, H. Ming, Polym. Adv.

Technol. 2004, 15, 508.
[66] S. H. Lin, M. Gruber, Y.-N. Hsiao, K. Y. Hsu, Advances in

Information Optics and Photonics, Society of Photo-Optical
Instrumentation Engineers, Bellingham, 2008, p. 317.

[67] H. Franke, Appl. Opt. 1984, 23, 2729.
[68] Y. Gritsai, L. M. Goldenberg, J. Stumpe, J. Opt. 2010, 12,

015107.
[69] G. J. Steckman, V. Shelkovnikov, V. Berezhnaya, T. Gerasi-

mova, I. Solamatine, D. Psaltis, Opt. Lett. 2000, 25, 607.
[70] E. A. Chandross, W. J. Tomlinson, G. D. Aumiller, Appl. Opt.

1978, 17, 566.
[71] M. L. Schnoes, L. Dhar, M. L. Schilling, S. S. Patel, P. Wiltzius,

Opt. Lett. 1999, 24, 658.
[72] J. E. Boyd, T. J. Trentler, R. K. Wahi, Y. I. Vega-Cantu, V. L.

Colvin, Appl. Opt. 2000, 39, 2353.

Holographic Data Storage

4571Angew. Chem. Int. Ed. 2011, 50, 4552 – 4573 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1143/JJAP.44.3559
http://dx.doi.org/10.1143/JJAP.44.3559
http://dx.doi.org/10.1557/mrs2006.72
http://dx.doi.org/10.1038/nphoton.2008.120
http://dx.doi.org/10.1063/1.1652580
http://dx.doi.org/10.1063/1.1652580
http://dx.doi.org/10.1063/1.88108
http://dx.doi.org/10.1364/OL.21.000896
http://dx.doi.org/10.1117/1.600967
http://dx.doi.org/10.1063/1.1754607
http://dx.doi.org/10.1063/1.1754607
http://dx.doi.org/10.1016/0038-1098(90)90952-8
http://dx.doi.org/10.1016/0038-1098(90)90952-8
http://dx.doi.org/10.1364/JOSAB.7.002274
http://dx.doi.org/10.1103/PhysRevLett.66.1846
http://dx.doi.org/10.1103/PhysRevLett.66.1846
http://dx.doi.org/10.1364/OL.22.001509
http://dx.doi.org/10.1146/annurev.matsci.27.1.585
http://dx.doi.org/10.1146/annurev.matsci.27.1.585
http://dx.doi.org/10.1063/1.122182
http://dx.doi.org/10.1364/JOSAB.11.000320
http://dx.doi.org/10.1364/JOSAB.11.000320
http://dx.doi.org/10.1063/1.1652756
http://dx.doi.org/10.1364/AO.10.001636
http://dx.doi.org/10.1080/09500349414551831
http://dx.doi.org/10.1364/AO.43.002900
http://dx.doi.org/10.1364/JOSAA.17.001108
http://dx.doi.org/10.1063/1.2747536
http://dx.doi.org/10.1134/1.2135860
http://dx.doi.org/10.1007/s003400200792
http://dx.doi.org/10.1007/s003400200792
http://dx.doi.org/10.1364/AO.15.000534
http://dx.doi.org/10.1002/marc.200900676
http://dx.doi.org/10.1002/marc.200900676
http://dx.doi.org/10.1002/adfm.200900437
http://dx.doi.org/10.1002/adfm.200900437
http://dx.doi.org/10.1117/12.213214
http://dx.doi.org/10.1364/OE.11.000181
http://dx.doi.org/10.1364/AO.48.002255
http://dx.doi.org/10.1364/AO.34.000846
http://dx.doi.org/10.1364/AO.34.000846
http://dx.doi.org/10.1038/31353
http://dx.doi.org/10.1016/j.optmat.2004.09.020
http://dx.doi.org/10.1016/j.optmat.2004.09.020
http://dx.doi.org/10.1143/JJAP.48.03A030
http://dx.doi.org/10.1002/adma.200801822
http://dx.doi.org/10.1002/pat.504
http://dx.doi.org/10.1002/pat.504
http://dx.doi.org/10.1364/AO.23.002729
http://dx.doi.org/10.1088/2040-8978/12/1/015107
http://dx.doi.org/10.1088/2040-8978/12/1/015107
http://dx.doi.org/10.1364/OL.25.000607
http://dx.doi.org/10.1364/AO.17.000566
http://dx.doi.org/10.1364/AO.17.000566
http://dx.doi.org/10.1364/OL.24.000658
http://dx.doi.org/10.1364/AO.39.002353
http://www.angewandte.org


[73] M. L. Schilling, V. L. Colvin, L. Dhar, A. L. Harris, F. C.
Schilling, H. E. Katz, T. Wysocki, A. Hale, L. L. Blyler, C.
Boyd, Chem. Mater. 1999, 11, 247.

[74] T. J. Trentler, J. E. Boyd, V. L. Colvin, Proc. SPIE-Int. Soc. Opt.
Eng. 2001, 4296, 259.

[75] T. J. Trentler, J. E. Boyd, V. L. Colvin, Polym. Prepr. Am. Chem.
Soc. Div. Polym. Chem. 1999, 40, 687.

[76] T. J. Trentler, J. E. Boyd, V. L. Colvin, Book of Abstracts, 218th
ACS National Meeting, New Orleans, 1999.

[77] T. J. Trentler, J. E. Boyd, V. L. Colvin, Chem. Mater. 2000, 12,
1431.

[78] S. Setthachayanon, M. Schnoes (InPhase), WO 014178, 2003.
[79] L. Dhar, MRS Bull. 2006, 31, 324.
[80] N. Stoeckel, F.-K. Bruder, M. Niesten, H. Blum, S. Strazisar

(InPhase & Bayer MaterialScience), WO 125202, 2008.
[81] P. Wang, B. Ihas, M. Schnoes, S. Quirin, D. Beal, S. Settha-

chayanon, T. Trentler, M. Cole, F. Askham, D. Michaels, S.
Miller, A. Hill, W. Wilson, L. Dhar, Proc. SPIE-Int. Soc. Opt.
Eng. 2004, 5380, 283.

[82] L. Dhar, K. Curtis, IWHM 2007 Digests, International Work-
shop on Holographic Memories, Penang, Malaysia, 2007, 26p03.

[83] A. Khan, A. E. Daugaard, A. Bayles, S. Koga, Y. Miki, K. Sato,
J. Enda, S. Hvilsted, G. D. Stucky, C. J. Hawker, Chem.
Commun. 2009, 425.

[84] R. Hayase, A. Hirao, K. Matsumoto, N. Sasao, T. Kamikawa
(Kabushiki Kaisha Toshiba), US 0224541, 2007.

[85] Y.-C. Jeong, S. Lee, J.-K. Park, Opt. Express 2007, 15, 1497.
[86] M. L. Calvo, P. Cheben, J. Opt. A 2009, 11, 024009.
[87] P. Cheben, T. Belenguer, A. Nffl�ez, F. DelMonte, D. Levy, Opt.

Lett. 1996, 21, 1857.
[88] N. Hayashida, A. Kosuda, J. Yoshinari, Jpn. J. Appl. Phys. 2009,

47, 5895.
[89] Y. M. Chang, S. C. Yoon, M. Han, Opt. Mater. 2007, 30, 662.
[90] J.-H. Chen, C.-T. Yang, C.-H. Huang, M.-F. Hsu, T.-R. Jeng,

IEEE Trans. Magn. 2009, 45, 2256.
[91] N. Hayashida, A. Kosuda, J. Yoshinari (TDK Corp.), US

0097085, 2009.
[92] M. L. Calvo, P. Cheben, J. Opt. A 2009, 11, 024009.
[93] C. S�nchez, M. J. Escuti, C. van Heesch, C. W. M. Bastiaansen,

D. J. Broer, J. Koos, R. Nussbaumer, Adv. Funct. Mater. 2005,
15, 1623.

[94] I. Naydenova, V. Toal, Ordered Porous Solids 2009, 559.
[95] Y. J. Liu, X. W. Sun, Adv. OptoElectron. 2008, 684349.
[96] L. Criante, F. Vita, R. Castagna, D. E. Lucchetta, F. Simoni,

Mol. Cryst. Liq. Cryst. 2007, 465, 203.
[97] H. D�rr in Photochromism: Molecules and Systems (Eds.: H.

D�rr, H. Bouas-Laurent), Elsevier, Amsterdam, 1990, pp. 1 –
14; G. Gauglitz in Photochromism: Molecules and Systems
(Eds.: H. D�rr, H. Bouas-Laurent), Elsevier, Amsterdam,
1990, pp. 15 – 63; W. Schnabel in Photochromism: Polymers
and Light, Wiley-VCH, Weinheim, 2007, pp. 113 – 141; S.
Kawata, Y. Kawata, Chem. Rev. 2000, 100, 1777.

[98] M. Fritsche, Compt. Rend. Acad. Sci 1867, 69 1035. A few years
later E. ter Meer has described the reversible change of
potassium dinitroethane: E. ter Meer, Justus Liebigs Ann.
Chem. 1876, 181, 1.

[99] W. Marckwald, Z. Phys. Chem. Stoechiom. Verwandtschaftsl.
1899, 44, 140; Y. Hirshberg, Compt. Rend. Acad. Sci. 1950, 231,
903.

[100] N. Tamai, H. Miyasaka, Chem. Rev. 2000, 100, 1875.
[101] T. Todorov, N. Tomova, L. Nikolova, Opt. Commun. 1983, 47,

123.
[102] T. Todorov, L. Nikolova, N. Tomova, Appl. Opt. 1984, 23, 4309.
[103] M. Imlau, T. Bieringer, S. G. Odoulov, T. Woike, Nanoelec-

tronics and Information Technology 2003, 659, 659.
[104] O. Nuyken, Encycl. Polym. Sci. Eng. 1985, 2, 158.
[105] C. S. Paik, H. Morawetz, Macromolecules 1972, 5, 171.

[106] D. T. L. Chen, H. Morawetz, Macromolecules 1976, 9, 463.
[107] H. Ringsdorf, R. Zentel, Makromol. Chem. Rapid Commun.

1982, 183, 1245.
[108] A. Natansohn, P. Rochon, J. Gosselin, S. Xie, Macromolecules

1992, 25, 2268.
[109] P. Rochon, J. Gosselin, A. Natansohn, S. Xie, Appl. Phys. Lett.

1992, 60, 4.
[110] S. Xie, A. Natansohn, P. Rochon, Chem. Mater. 1993, 5, 403.
[111] G. S. Kumar, D. C. Neckers, Chem. Rev. 1989, 89, 1915.
[112] T. Naito, K. Horie, I. Mita, Polym. J. 1991, 23, 809.
[113] L. Lamarre, C. Sung, Macromolecules 1983, 16, 1729.
[114] C. Eisenbach, Makromol. Chem. Rapid Commun. 1980, 1, 287.
[115] M. Kijima, K. Se, T. Fujimoto, Polymer 1992, 33, 2402.
[116] A. Natansohn, P. Rochon, ACS Symp. Ser. 1997, 672, 236.
[117] W. J. Priest, M. M. Sifain, J. Polym. Sci. Polym. Chem. 1971, 9,

3161.
[118] S. Barley, A. Gilbert, G. Mitchell, J. Mater. Chem. 1991, 1, 481.
[119] K. Anderle, R. Birenheide, M. J. A. Werner, J. H. Wendorff,

Liq. Cryst. 1991, 9, 691.
[120] A. Natansohn, S. Xie, P. Rochon, Macromolecules 1992, 25,

5531.
[121] R. H. Tredgold, R. A. Allen, P. Hodge, E. Khoshdel, J. Phys. D:

Appl. Phys. 1987, 20, 1385.
[122] U. Wiesner, N. Reynolds, C. Boeffel, H. W. Spiess, Makromol.

Chem. Rapid Commun. 1991, 12, 457.
[123] T. Bieringer, R. Wuttke, D. Haarer, U. Geßner, J. R�bner,

Macromol. Chem. Phys. 1995, 196, 1375.
[124] S. Zilker, T. Bieringer, D. Haarer, R. S. Stein, J. W. van Eg-

mond, Adv. Mater. 1998, 10, 855.
[125] D. Brown, A. Natansohn, P. Rochon, Macromolecules 1995, 28,

6116.
[126] V. Cimrov	, D. Neher, S. Kostromine, T. Bieringer, Macro-

molecules 1999, 32, 8496.
[127] M. Eich, J. H. Wendorff, B. Peck, H. Ringsdorf, Makromol.

Chem. Rapid Commun. 1987, 8, 59.
[128] S. Ivanov, I. Yakovlev, S. Kostromin, V. Shibaev, L. Laesker, J.

Stumpe, D. Kreysig, Makromol. Chem. Rapid Commun. 1991,
12, 709.

[129] M. Irie, A. Menju, K. Hayashi, Macromolecules 1979, 12, 1176.
[130] M. Patel, R. Patel, V. Patel, S. Maiti, J. Polym. Mater. 1991, 8,

67.
[131] H. Yamamoto, A. Nishida, Bull. Chem. Soc. Jpn. 1988, 61, 2201.
[132] M. Irie, H. Tanaka, Macromolecules 1983, 16, 210.
[133] F. Agolini, F. P. Gay, Macromolecules 1970, 3, 349.
[134] L. Matejka, M. Ilavsky, K. Dusek, O. Wichterle, Polymer 1981,

22, 1511.
[135] K. Ishihara, N. Negishi, I. Shinohara, J. Appl. Polym. Sci. 1982,

27, 1897.
[136] M. Irie, R. Iga, Makromol. Chem. Rapid Commun. 1987, 8, 569.
[137] T. Ikeda, A. Shishido, Proc. SPIE-Int. Soc. Opt. Eng. 2006,

6332, 63320-1-9.
[138] V. Shibaev, A. Bobrovsky, N. Boiko, Prog. Polym. Sci. 2003, 28,

729.
[139] G. Berkovic, V. Krongauz, V. Weiss, Chem. Rev. 2000, 100, 1741.
[140] H. D�rr in Photochromism: Molecules and Systems, (Eds.: H.

D�rr, H. Bouas-Laurent), Elsevier, Amsterdam, 1990, pp. 53 –
55.

[141] D. A. Parthenopoulos, P. M. Rentzepis, Science 1989, 245, 843.
[142] R. A. Lessard, G. Mannivannan, Proc. SPIE-Int. Soc. Opt. Eng.

1998, 3347, 11.
[143] Y. Yokoyama, Chem. Rev. 2000, 100, 1717.
[144] H. Stobbe, Ber. Dtsch. Chem. Ges. 1904, 37, 2236; H. Stobbe,

Ber. Dtsch. Chem. Ges. 1905, 38, 3673; H. Stobbe, Justus Liebigs
Ann. Chem. 1911, 380, 1; H. Stobbe, Ber. Dtsch. Chem. Ges.
1907, 40, 3372.

[145] P. J. Darcy, R. J. Hart, H. G. Heller, J. Chem. Soc. Perkin Trans.
1 1978, 571.

T. F�cke et al.Reviews

4572 www.angewandte.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2011, 50, 4552 – 4573

http://dx.doi.org/10.1021/cm980393p
http://dx.doi.org/10.1021/cm9908062
http://dx.doi.org/10.1021/cm9908062
http://dx.doi.org/10.1557/mrs2006.72
http://dx.doi.org/10.1039/b816298k
http://dx.doi.org/10.1039/b816298k
http://dx.doi.org/10.1364/OE.15.001497
http://dx.doi.org/10.1364/OL.21.001857
http://dx.doi.org/10.1364/OL.21.001857
http://dx.doi.org/10.1016/j.optmat.2007.02.050
http://dx.doi.org/10.1016/B978-0-444-53189-6.00021-4
http://dx.doi.org/10.1080/15421400701205941
http://dx.doi.org/10.1021/cr980073p
http://dx.doi.org/10.1002/jlac.18761810102
http://dx.doi.org/10.1002/jlac.18761810102
http://dx.doi.org/10.1021/cr9800816
http://dx.doi.org/10.1016/0030-4018(83)90099-8
http://dx.doi.org/10.1016/0030-4018(83)90099-8
http://dx.doi.org/10.1364/AO.23.004309
http://dx.doi.org/10.1021/ma60026a015
http://dx.doi.org/10.1021/ma60051a015
http://dx.doi.org/10.1021/ma00034a031
http://dx.doi.org/10.1021/ma00034a031
http://dx.doi.org/10.1063/1.107369
http://dx.doi.org/10.1063/1.107369
http://dx.doi.org/10.1021/cm00028a003
http://dx.doi.org/10.1021/cr00098a012
http://dx.doi.org/10.1295/polymj.23.809
http://dx.doi.org/10.1021/ma00245a009
http://dx.doi.org/10.1002/marc.1980.030010501
http://dx.doi.org/10.1016/0032-3861(92)90534-4
http://dx.doi.org/10.1021/bk-1997-0672.ch016
http://dx.doi.org/10.1039/jm9910100481
http://dx.doi.org/10.1080/02678299108030382
http://dx.doi.org/10.1021/ma00046a064
http://dx.doi.org/10.1021/ma00046a064
http://dx.doi.org/10.1088/0022-3727/20/11/006
http://dx.doi.org/10.1088/0022-3727/20/11/006
http://dx.doi.org/10.1002/marc.1991.030120801
http://dx.doi.org/10.1002/marc.1991.030120801
http://dx.doi.org/10.1002/macp.1995.021960502
http://dx.doi.org/10.1002/(SICI)1521-4095(199808)10:11%3C855::AID-ADMA855%3E3.0.CO;2-H
http://dx.doi.org/10.1021/ma00122a019
http://dx.doi.org/10.1021/ma00122a019
http://dx.doi.org/10.1002/marc.1987.030080111
http://dx.doi.org/10.1002/marc.1987.030080111
http://dx.doi.org/10.1002/marc.1991.030121210
http://dx.doi.org/10.1002/marc.1991.030121210
http://dx.doi.org/10.1021/ma60072a032
http://dx.doi.org/10.1246/bcsj.61.2201
http://dx.doi.org/10.1021/ma00236a011
http://dx.doi.org/10.1021/ma60015a015
http://dx.doi.org/10.1016/0032-3861(81)90321-9
http://dx.doi.org/10.1016/0032-3861(81)90321-9
http://dx.doi.org/10.1002/app.1982.070270604
http://dx.doi.org/10.1002/app.1982.070270604
http://dx.doi.org/10.1002/marc.1987.030081110
http://dx.doi.org/10.1016/S0079-6700(02)00086-2
http://dx.doi.org/10.1016/S0079-6700(02)00086-2
http://dx.doi.org/10.1021/cr9800715
http://dx.doi.org/10.1126/science.245.4920.843
http://dx.doi.org/10.1021/cr980070c
http://dx.doi.org/10.1002/cber.190403702159
http://dx.doi.org/10.1002/cber.190503803214
http://dx.doi.org/10.1002/jlac.19113800102
http://dx.doi.org/10.1002/jlac.19113800102
http://dx.doi.org/10.1002/cber.190704003111
http://dx.doi.org/10.1002/cber.190704003111
http://dx.doi.org/10.1039/p19780000571
http://dx.doi.org/10.1039/p19780000571
http://www.angewandte.org


[146] C. Lenoble, R. S. Becker, J. Phys. Chem. 1986, 90, 2651; H.-D.
Ilge, J. S�hhnel, D. Khechinashvili, M. Kaschke, J. Photochem.
1987, 38, 189; S. Kurita, A. Kashiwagi, Y. Kurita, H. Miyasaka,
N. Mataga, Chem. Phys. Lett. 1990, 171, 553; S. C. Martin, N.
Singh, S. C. Wallace, J. Phys. Chem. 1996, 100, 8066.

[147] http://en.wikipedia.org/wiki/Constellation_3D.
[148] C. Yun, J. You, J. Kim, J. Huh, E. Kim, Journal of Photo-

chemistry and Photobiology, C 2009, 10, 111.
[149] C. D. Eisenbach, M. Kim, epf 09 – Book of Abstracts 2009, IL 4-

8, 191
[150] M. J. Mack, Synthese von Anthracen-funktionalisierten Poly-

meren und Photodimerisierungseffekte, Shaker, Aachen, 2005.
[151] N. Hampp, Chem. Rev. 2000, 100, 1755; F. Ercole, T. P. Davis,

R. A. Evans, Polym. Chem. 2010, 1, 37.
[152] B. Lawrence, V. Ostroverkhov, X. Shi, K. Longley, E. P. Boden,

Micro-Holographic Storage and Threshold Holographic Mate-
rials, Joint ISOM/ODS 2008 Technical Digest, 2008, TD05-06.

[153] S. Lohr, G. E.�s Breakthrough Can Put 100 DVDs on a Disc,
The New York Times, 26. April 2009 ; B. Lawrence, http://
ge.geglobalresearch.com/blog/another-big-step-forward-in-ges-
holographic-data-storage-program/, 27. April 2009.

[154] H. Miyamoto, H. Yamatsu, K. Saito, N. Tanabe, T. Horigome,
G. Fujita, S. Kobayashi, H. Uchiyama, Direct Error Signal
Detection Method from Recorded Micro-Reflectors, ISOM 2008
Technical Digest, 2008, TD05-07.

[155] F. Guattari, G. Maire, K. Contreras, C. Arnaud, G. Pauliat, G.
Roosen, S. Jradi, C. Carre, Opt. Express 2007, 15, 2234.

[156] H. Horimai et al., Appl. Opt. 2005, 44, 2575.
[157] ECMA-375, December 2006 ; ECMA-377, May 2007; ECMA-

378, May 2007; http://www.ecma-international.org/.
[158] K. Tanaka, H. Mori, M. Hara, K. Hirooka, A. Fukumoto, K.

Watanabe, Jpn. J. Appl. Phys. 2008, 47, 5891.
[159] K. Tanaka, M. Hara, K. Tokuyama, K. Hirooka, Y. Okamoto,

H. Mori, A. Fukumoto, K. Okada, ODS 2009 Tchnical Digest,
2009.

[160] K. Watanabe, H. Horimai, P. B. Lim, M. Inoue, International
Workshop on Holographic Memory 2008 Technical Digest,
2008, 21A2.

[161] P. Koppa, T. Ujvari, G. Erdei, F. Ujhelyi, E. Lorincz, G. Szarvas,
P. Richter in Multiphoton and Light Driven Multielectron
Processes in Organics: New Phenomena, Materials and Appli-
cations (Eds.: F. Kajzar, M. V. Agranovich), Kluwer, Dor-
drecht, 2000.

[162] M.-P. Bernal, H. Coufal, R. K. Grygier, J. A. Hoffnagle, C. M.
Jefferson, R. M. Macfarlane, R. M. Shelby, G. T. Sincerbox, P.
Wimmer, G. Wittmann, Appl. Opt. 1996, 35, 2360.

[163] Woike, M. Imlau, Verfahren und Vorrichtung zum Auslesen von
holographisch gespeicherten Informationen, 199 12 023.4-53
(German patent).

[164] K. Shimada, T. Ishii, S. Hughes, A. Hoskins, K. Curtis, ODS
2009 Technical Digest, 2009.

Holographic Data Storage

4573Angew. Chem. Int. Ed. 2011, 50, 4552 – 4573 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/j100403a018
http://dx.doi.org/10.1016/0047-2670(87)87017-X
http://dx.doi.org/10.1016/0047-2670(87)87017-X
http://dx.doi.org/10.1016/0009-2614(90)85262-B
http://dx.doi.org/10.1021/jp952079d
http://dx.doi.org/10.1016/j.jphotochemrev.2009.05.002
http://dx.doi.org/10.1016/j.jphotochemrev.2009.05.002
http://dx.doi.org/10.1021/cr980072x
http://dx.doi.org/10.1039/b9py00300b
http://dx.doi.org/10.1364/OE.15.002234
http://dx.doi.org/10.1364/AO.44.002575
http://dx.doi.org/10.1143/JJAP.47.5891
http://dx.doi.org/10.1364/AO.35.002360
http://www.angewandte.org

