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Abstract—The advances in the sol-gel holographic recording materials, namely in the photopolymerizable
compositions and photorefractive glasses, are reviewed. A new sol-gel holographic material is also discussed
that exploits diffusion of a high-refractive-index MA:Zr complex, with the refractive index modulation of n ~
10–2 and negligible scattering.
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INTRODUCTION

Silica gels are commonly found in nature in the
form of opals and agates. The preparation of a synthetic
silica gel was first reported by Ebelmen more than
150 years ago [1], laying down the foundations of the
sol-gel technique. The fundamental motivation for
using sol-gel materials is to replace the high-temperature glass and ceramic fabrication techniques by a process that can take place at lower temperatures, even at
room temperature. By avoiding elevated temperatures,
it is possible to incorporate organic molecules with low
thermal stability into inorganic matrices, resulting in
hybrid organic-inorganic materials. Combining the
properties of organic and inorganic components in a
composite material opens new opportunities in development of innovative materials, including holographic
recording media.
Early Experiments with Volume Grating Recording
in Sol-Gel Glass
In 1996, the first organically modified sol-gel material capable of recording volume holograms was demonstrated [2]. This material resulted from the effort to
overcome the problems with limited maximum thickness of commercial holographic photopolymers as well
as with material shrinkage upon polymerization typical
for acrylic-based materials. The basic idea here is to
disperse organic photopolymerizable species in an
inorganic host matrix rather than in an organic binder
such as is typically used for this purpose. The inorganic
host matrix can significantly improve physical properties of the holographic recording material, such as its
rigidity, environmental stability, dimensional changes
1 The
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upon holographic exposure, maximum achievable
thickness, and the ability to accept an optical-grade polish. The support matrix of this organic-inorganic material, in contrast to the porous glass holographic materials [3, 4], was formed by in situ polymerization (sol-gel
reaction) of liquid silica precursors in presence of dissolved photoinitiating and photopolymerizable species.
The material was prepared in form of a few millimeters
thick monoliths, and volume gratings with diffraction
efficiency of more than 90% were holographicaly
recorded in it.
Following this strategy, a sol-gel glass was developed with refractive index modulation of ∆n ~ 0.004
and a diffraction efficiency of 98% for an exposure of
230 mJ/cm2 at 514.5 nm wavelength [5]. The material
consists of a glassy host containing an ethylenic unsaturated monomer ethylene glycol phenyl ether acrylate
and a free radical generating titanocene photoinititiator
bis(µ5-2,4-cyclopentadien-1-yl)-bis-[2,6-difluoro-3-1Hpyrrol–1-yl)phenyl]titanium, and was fabricated both
as thick films and monoliths. The results obtained with
this material implied that sol-gel materials are an
important candidate for holographic data storage, and
various new sol-gel photopolymerizable compositions
have recently emerged [6–8].
Photorefractive Sol-Gel Glass
Photorefractive gratings with refractive index modulation of 0.002 and a two-beam coupling gain of
444 cm–1 were also demonstrated in an organically
modified permanently poled sol-gel glass [9]. The azodye 2,5-dimethyl-4-(2-hydroxyethoxy)-4'-nitroazobenzene (DMHNAB) was used as a nonlinear optical chromophore. The chromophore molecules were covalently
bonded to the silica glass backbone in order to achieve
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Fig. 1. Refractive index modulation evolution with exposure for the samples with (1) and (2) without the high-index species (a).
Samples thickness is 35 µm. Scanning electron microscope image of a volume holographic grating of a thickness 250 µm and a
spatial frequency 100 lines/mm recorded in a sample with MA:Zr (b).

the high dye concentration required for efficient nonlinear optical properties, while avoiding the dye crystallization that is typically observed in guest-host photorefractive polymers. 2,4,7-trinitro-9-fluorenone (TNF)
was used as photosensitizer and N-ethylcarbazole
(ECZ) as the charge-transporting agent, both being
present as guests in the glass, i.e., without being
covalently attached to the matrix. Excellent resistance
against chromophore crystallization is achieved by
covalently bonding the chromophore. High stability of
the electric-field-induced chromophore alignment is
due to a gradual heat-induced densification of the gel
with initially low glass transition temperature (Tg) during the electric field poling, eventually yielding a highTg hard glassy film. This densification process is essential for slowing down diffusive randomization of the
η
1.0
1
2
0.5

0

1

2

3
Energy, J/cm2

Fig. 2. Diffraction efficiency evolution with exposure for
the samples with (1) and without (2) the high-index species.

chromophore alignment and for improving the mechanical, electrical, and thermal properties of the glass.
Holographic Sol-Gel Glass Incorporating
High Refractive Index Species
We have recently developed a sol-gel holographic
material [10] incorporating in a host similar to our previously reported matrix [5] a high-refractive-index
MA:Zr complex (zirconium isopropoxide chelated
with metha-acrylic acid), with a two-fold increase in
the refractive index modulation compared to our original composition. The improvement resides in the ability
of the high-index MA:Zr complex to diffuse upon inhomogeneous illumination. Upon photoinduced polymerization of the metha-acrylic acid, the concentration gradient driven diffusion of the MA:Zr complex takes
place from the dark to the light regions of the interference pattern. As it is shown in Fig. 1, by incorporating
in the host the high-index MA:Zr species, the refractive
index modulation of the material is increased to ∆n ~
10–2 compared to ∆n ~ 5.6 × 10–3 in the sample without
the high-index species. Furthermore, compared to the
photopolymers with dispersed high-index (TiO2) nanoparticles [11, 12], the scattering is markedly reduced as
a consequence of the molecular (rather than nanoparticle) nature of MA:Zr.
The achievement of index modulation of 10–2 [5]
(see Fig. 1, curve for material with MA:Zr) is remarkable and this value is among the best obtained in a holographic photopolymerizable composition of similar
thickness. At the same time, photosensitivity is similar
to POEA based photopolymerizable glass [5] and high
diffraction efficiencies close to theoretical 100% limit
can be obtained even for relatively thin samples with a
Klein–Cook parameter Q ~ 20, see Fig. 2. The Q value
confirms the volume (Bragg) nature of these gratings,
with insignificant contribution of surface modulation,
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in diffraction efficiency is expected near the Bragg resonance, which is virtually absent in our samples.
Experiments performed with p-polarized writing
beams show identical results.
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CONCLUSIONS
At present, sol-gel materials are among the best performing holographic recording media. They offer a
large refractive index modulation, high sensitivity and
dimensional stability, and low scattering. Research is
being continued by the authors to extend the present
studies, namely to further enhance the holographic
properties, as well as to explore the applications, of this
material.
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Fig. 3. Noise grating angular selectivity measurement for
samples Zr0 and Zr1. The samples were exposed and readout by a coherent s-polarized single beam of wavelength
532 nm and intensity 5 mW/cm2. Exposure is 15 J/cm2.
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