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A Volume Holographic Sol-Gel Material with Large Enhancement
of Dynamic Range by Incorporation of High Refractive Index

Species**

By Francisco del Monte,* Oscar Martinez, José A. Rodrigo, Maria L. Calvo, and Pavel Cheben

The development of an optimum recording material re-
mains one of the principal challenges in the area of holo-
graphic data storage.!"! Holographic photopolymers, first
reported in the late 1960s by Close et al.,”! are attractive can-
didates for applications in data storage because they can be
designed to store permanent phase holograms with a large dy-
namic range and high photosensitivity, and, unlike other holo-
graphic recording materials, they do not require complicated
holographic development processes. Photopolymers typically
consist of one or more acrylic monomers and a photoinitiator
complex, all dispersed within a polymer matrix, also referred
to as a binder.’) Holograms are stored in photopolymers as a
permanent spatial modulation of refractive index within the
bulk of the material, which is formed in response to the inter-
ference pattern of light and dark fringes produced by two
laser beams intersecting in the material. The photoinduced
polymerization of the acrylic monomer in the light regions of
the interference pattern produces a refractive index increase
in the illuminated regions compared to the dark regions. A
large refractive index difference An between these two re-
gions is desired to maximize the dynamic range, or the data
storage capacity, of the material. A combination of one or
more large refractive index monomers (e.g., aromatic mono-
mers) with a low refractive index binder is known to be ad-
vantageous for maximizing the refractive index modulation
An. However, obtaining a permanent hologram requires an-
other mechanism (e.g., the Colburn and Haines mechanism)
in addition to monomer polymerization in the illuminated re-
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gions of the interference pattern (Scheme 1, left).! Other-
wise, the hologram would be erased upon homogeneous inco-
herent exposure (often used to stabilize holograms recorded
in photopolymers) due to the polymerization of the remaining
monomer in dark regions of the interference pattern (see Sup-
porting Information for further details).
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Scheme 1. Formation of a permanent spatial modulation of refractive in-
dex within the volume of a photopolymerizable material by single-mono-
mer (left) and monomer-and-HRIS (right) diffusion following the diffrac-
tion pattern generated by interference of two coherent laser beams (see
Supporting Information for further explanations). Lighter colors (i.e., yel-
low) represent low refractive index fringes, and darker colors (i.e., orange
for monomer and brown for HRIS) high refractive index fringes.

Achieving refractive index modulations An larger than
ca.5x 107 has proven to be difficult in photopolymerizable
compositions,”! in part because of the limited diffusion of
monomer molecules in binders and also because of relatively
limited refractive index differences between the available
monomers and binders. Attempts to improve the refractive in-
dex modulation have been made by incorporating high refrac-
tive index species (HRIS), such as silica and titania nano-
particles, in addition to the regular photopolymerizable
monomer,® yielding volume holographic gratings with refrac-
tive index modulations of up to 1.5 x 107 (Scheme 1, right).[*!
However, this interesting approach results in a large scatter-
ing (ca. 15 % for samples of 15 um thickness), apparently due
to nanoparticle agglomeration after diffusion, which is a seri-
ous limitation for applications demanding low levels of scat-
tering, such as holographic data storage.

In this communication, we also propose the incorporation
of HRIS (in addition to the photopolymerizable monomer 2-
phenoxyethyl acrylate, POEA), in a volume holographic re-
cording material. However, in order to minimize scattering,
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such inorganic species are introduced at a molecular level
(here we chose zirconium isopropoxide, Zr(O'Pr),), rather
than in the form of nanoparticles. Actually, Zr(OPr), has
been incorporated in sol-gel materials for optical applications
demanding high refractive index modulation (e.g., gradient
index (GRIN) lenses).”! The use of Zr(O'Pr), requires its
hydrolysis kinetics to be slowed down through the formation
of complexes with chelating agents (e.g., methacrylic acid
(MA) or 24-pentadienone). In this case, we chose MA be-
cause, upon photopolymerization, concentration-gradient-
driven diffusion transport of the whole MA:Zr complex is
expected to occur. Further components of the holographic
materials are POEA as the second photopolymerizable mono-
mer and bis(u’-2,4-cyclopentadien-1-yl)-bis[2,6-difluoro-3-
(1H-pyrrol-1-yl)phenyl]titanium (IRGACURE-784) as a free-
radical-generating photoinitiator. The binder of choice is a
nanoporous hybrid silica glass similar to those described since
the seminal works by Chandross et al.®! Borelli and Morse,”
and Sukhanov et al.,l'” and the first photopolymerizable sol-
gel volume holographic material by Cheben et al.'' POEA is
the acrylic monomer of choice, given its already studied be-
havior in a photopolymerizable silica glass.''!

The expected improvement in the holographic performance
of our material resides in the ability of the MA:Zr complex
(HRIS) to diffuse upon inhomogeneous illumination. To ex-
perimentally confirm the contribution to refractive index mod-
ulation due to HRIS, we studied two types of compositions:
one with and one without zirconium isopropoxide, denoted
samples Zr1 and Zr0, respectively, in the text. Samples Zr1 and
Z10 were chosen to have nearly identical thickness (ca.35 um)
to facilitate the comparison of their holographic performance.
The holograms were recorded five days after gelation.

To characterize the holographic performance of two com-
positions, plane gratings were recorded by two mutually co-
herent collimated writing beams of wavelength 532 nm (see
the Experimental section for details). Diffraction efficiency
was measured during and after the holographic exposure by a
non-actinic probe beam from a He-Ne laser of 632.8 nm
wavelength. The maximum diffraction efficiency # (where
n=P_41/Py, P_; is the power in the —1st diffraction order of the
probe beam, and P, is the power in the probe beam incident
on the sample) for samples Zr0 and Zr1 was reached for expo-
sures of 1.8 and 3.0 Jcm™, respectively (Fig. 1a). The grating
angular selectivity half-width () was obtained from the mea-
surement of the diffraction efficiency as a function of angular
deviation from the Bragg condition (Fig. 1b). The refractive
index modulation amplitude An and the effective thickness of
the grating (f.¢r) were calculated from the diffraction efficien-
cy and the angular selectivity curve using Kogelnik’s coupled
wave theory.m] The photosensitivity[m was calculated as the
ratio between the square root of the diffraction efficiency and
the product of the exposure (E) and the interference fringe
visibility (v): S=n"*/(Ev).

The composition of Zr0 is similar to that reported recently
for a highly efficient photopolymerizable glass comprising
POEA monomer and IRGACURE-784 photoinitiator dis-
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Figure 1. a) Diffraction efficiencies versus energy exposure in samples
Zr0 and Zr1. b) Angular selectivity curves for samples Zr0 and Zr1. Val-
ues of the full width at half maximum are 0w =4.40° and 3.64° for Zr0
and Zr1 concentrations, respectively. c¢) Energy exposure dependence of
the grating refractive index modulation in samples ZrO and Zr1. The
thickness of both samples is 35 um.

persed in a silica gel host.'””l As shown in Figure 1c, incor-
poration of HRIS in the host markedly improves the refrac-
tive index modulation of the material, reaching An~107?
compared to An~5.6x107 in the sample without the HRIS
(the exposure energy is ca.2.8 Jcm™). In sample Zrl, maxi-
mum efficiency of 97 % is reached for E~1.8 Jcm™; further
increase in exposure leads to a slight decrease in 7 (see
Fig. 1a) due to refractive index over-modulation, as is ex-
pected from coupled-wave theory.m] In sample Zr0, maxi-
mum diffraction efficiency of 69 % is achieved for
E~2.92 Jem™, where a plateau is reached as the index modu-
lation versus exposure response saturates (Fig. 1a). The
achievement of index modulation of ca. 107 in sample Zr1 is
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remarkable, and this value is among the best obtained in a ho-
lographic photopolymerizable composition of similar thick-
ness.’! At the same time, photosensitivity is similar to POEA-
based photopolymerizable glasses, ' and high diffraction effi-
ciencies close to the theoretical 100 % limit can be obtained
even for relatively thin samples with a Klein—Cook parameter
0~20. The Q value confirms the volume (Bragg) nature of
these gratings, with insignificant contribution of surface mod-
ulation, as is also confirmed by the scanning force microscopy
(SFM) image shown in Figure 2. Note the low value of the
root mean square (RMS) of surface modulation of sample
Zr1. Furthermore, the effective thickness of the sample (e.g.,
35 mm) is in good agreement with the grating thickness calcu-
lated from Kogelnik’s theory for volume gratings.

.
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Figure 2. SFM tomography of sample Zr1.

Additional confirmation of the MA:Zr complex diffusion
was obtained by performing energy dispersive X-ray analysis
(EDX) on various samples with holographically recorded
gratings. Figure 3 shows a scanning electron microscopy
(SEM) image of the volume grating created in the material
upon interferometric exposure. In this case and owing to mea-
surement limitations of the SEM equipment, namely the
smallest spot diameter for EDX analysis of ca.2 pm, the grat-
ing spatial frequency was 100 linesmm™', that is, a grating pe-
riod of 10 pm. The Zr/Si elemental ratio measured by EDX
shows that HRIS concentration increases from lighter to dark-
er fringes. Thus, while the Zr/Si atomic ratio on average is
0.11, in agreement with the molar ratios used in sample prepa-
ration (see Experimental section), the Zr/Si elemental ratio in
the darker fringes is about 10 % higher than in the lighter
ones (0.115 vs. 0.105, respectively), for any spatial selection of
the spot for EDX analysis, that is, nearer the upper surface,
nearer the substrate, or in between them (see yellow circles in
Fig. 3). This confirms a good grating homogeneity, as already
discussed above by comparing the grating effective thickness
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Figure 3. SEM image of a volume phase grating of spatial frequency
100 linesmm™" holographically recorded in sample Zr1 with 250 pm
thickness. EDX analysis was performed at the marked white circles. Scale
baris 100 um.

calculated from coupled wave theory with the physical grating
thickness measured by SEM. The Zr gradient obtained from
EDX for these low spatial frequency gratings (100 lines mm™)
is a conservative estimate of the concentration gradient com-
pared to gratings with a higher spatial frequency, such as those
recorded in samples Zr0 and Zr1 (500 linesmm™). Note that,
for the latter, diffusion of HRIS must be favored because of a
fivefold reduction in dimensional range compared to the sam-
ple analyzed by EDX.

Besides holographic performance, incorporation of HRIS
in molecular form is crucial for the reduction of coherent and
incoherent scattering noise, which is one of the fundamental
challenges in holographic data storage applications. Scattering
originates in surface and volume material imperfections; the
latter are of particular concern in materials with large thick-
ness. Scattered light interfering with incident beams forms
noise holograms, hence reducing dynamic range and deterio-
rating crosstalk in multiplexed holograms. To study scattering
in our material, we performed two independent experiments.
The first one is just that used by Sanchez et al. in a recent
paper on holographic materials, where the incorporation of
TiO, nanoparticles provides An greater than 10 (see Sup-
porting Information for experimental details).[! The scatter-
ing coefficients a found for samples Zr0 and Zrl are 2x 107>
and 1.2 x 107 um™, respectively. Note that, for a material of
15 um thickness, these values would correspond to ca.3 %
(Zr0) and ca. 1.8 % (Zr1) scattered light, which is about eight-
fold noise reduction compared to that reported for holo-
graphic materials based on TiO, nanoparticles. To corrobo-
rate further the low level of scattering, we performed a
second experiment previously used for characterization of
Aprilis ULSH photopolymers.[m When the Zr1 sample is ex-
posed to a single recording beam, there is virtually no trans-
mittance degradation (Fig. 4), indicating that the scattering is
very weak, despite the incorporation of HRIS. This very weak
character of the noise grating was also confirmed by the noise
grating angular selectivity measurement shown in Figure 4. In
the presence of the noise grating a dip in diffraction efficiency
is expected near the Bragg resonance, which is absent in our
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Figure 4. Noise grating angular selectivity measurement for samples Zr0
and Zr1. The samples were exposed and read-out by a coherent s-polar-
ized single beam of 532 nm wavelength and 5 mW cm™ intensity. The in-
sets show the beam profiles transmitted through sample Zr1 a) before
and b) after exposure to ca. 15 Jecm™.

samples. The insets in Figure 4 show the beam passing
through the sample before (inset a) and after (inset b) expo-
sure (exposure energy is 15 Jcm™). Some granularity ob-
served in inset b is due to the speckle. Experiments performed
with p-polarized writing beams show identical results.

In summary, we have shown that incorporation of Zr-based
HRIS in a photopolymerizable volume holographic recording
sol-gel material results in an increase in refractive index mod-
ulations up to the 107 range and diffraction efficiencies near
100 %. The index modulation is similar to recently reported
photopolymers with TiO, nanoparticles as the HRIS, but scat-
tering is markedly reduced (ca. eightfold) as a consequence of
the molecular rather the nanoparticle nature of our HRIS.
Though the present work has been based on sol-gel materials,
we suggest that the same approach can be used to enhance the
dynamic range of conventional holographic photopolymers.

Experimental

Sample Preparation: A silica sol was prepared by acid hydrolysis
(21.3 mmol H,O/HCI, pH 2) of glycidoxypropyltrimethoxysilane
(GPTMS, IUPAC name trimethoxy-[3-(oxiran-2-ylmethoxy)propyl]si-
lane; 11.8 mmol, from Aldrich) and tetraethylorthosilicate (TEOS;
1.8 mmol, from Aldrich), under vigorous stirring. The GPTMS/TEOS
molar ratio is thus selected to minimize binder shrinkage upon holo-
graphic recording [16]. The silicon alkoxide molarities are thus selected
to ensure all water is consumed (11.8 x 1.5+ 1.8 x 2) before zirconium
isopropoxide is added. After about 10 min, a solution of IRGACURE-
784 (0.1 mmol, from Ciba-Geigy) in POEA (3.1 mmol, from Aldrich)
was added, and after another 10 min a solution of zirconium isopro-
poxide isopropanol complex (Zr(OPr),PrOH; 1.5 mmol, from Al-
drich) in methacrylic acid (MA; 7 mmol, from Aldrich) was added to
the mixture, still under vigorous stirring. The solution was stirred for
another 5 min and then filtered with a 0.2 pm Millipore filter. Films of
thickness ca.35 pm were obtained by immediately casting the filtered
solution on glass microscope slides. Samples were left to dry in the dark
at room temperature for 5 days prior to hologram recording.

Sample Characterization: The holographic gratings were recorded in
the material by the interference of two coherent s-polarized beams of
a frequency-doubled Nd:YAG laser with a wavelength of 532 nm and
working in the single longitudinal-mode regime. The intensity ratio
between the two recording beams was r=0.5. The recording waves
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were incident on the sample in an unslanted configuration, intersecting
the plate holder position at an angle of 7.9° with respect to the
sample normal, producing interference fringes of spatial frequency
ca. 500 linesmm™'. The grating growth was monitored in real time by a
non-actinic probe beam of wavelength 632.8 nm and 0.5 mW power
from a He-Ne laser (Bragg angle ca. 9.45°). The sample was placed on
a precision rotation stage to allow the Bragg angle of the probe beam
to be adjusted and the grating angular selectivity to be measured. SEM
and EDX were performed on carbon-coated samples using a Zeiss
DSM-950 instrument. SFM topographic images were acquired under
ambient conditions with a microscope head (control unit and software
from Nanotec Electronica Inc., www.nanotec.es). Rectangular cantile-
vers with a nominal force constant of 11 Nm™ and ultra-sharp Si tips
(from NT-MDT) were used in the tapping operation mode.
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