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ABSTRACT

Holographic Storage Characteristics of PQ/poly(methyl methacrylate) have been significantly improved by
doping metallic ion Yb™ and Er”. The hybrid materials display significant enhancement in the holographic
characteristics. The diffraction efficiency promote to 59% with Yb™, to 47% with Er" from the undoped sample
is 40%. The increment is up to 47% in Yb" sample ; the dynamic range enhance to 2.12 and 1.58 on Yb"™ and
Er” containing sample individually in comparison to 1.16 for the undoped copolymer. The increment of
dynamic range is up to 82% for Yb" containing sample. The related mechanism of these changes is preliminary

discussed with the analysis of UV-vis, FT-IR and Photoluminescence spectroscopy.
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1. INTRODUCTION

Holographic storage is considered a new kind of optical storage technology in the next generation because this
technology has significant gains in storage densities and data transfer rate !". In our previous research, we
fabricated the good optical quality photopolymer PQ/PMMA system successfully by thermal polymerization.
The related photochemical mechanism analysis indicated that the PQ/PMMA recorded hologram through
photoreaction between PQ and the residual monomer to form the new photoproduct ?. Furthermore, by doping
organometallic Zinc methacrylate (ZnMA) into PQ/PMMA, the holographic optical characteristics have been
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significantly improved ). The Zn™* in the organometallic ZnMA promote the reaction of monomers with PQ,
containing o-quinone, on exposure. The photochemical reaction causes the change of the local refractive index
and results in the 3-D modulation of refractive index in the sample ).

During the last decade, Douglas group reported the transition metallic ion formed complexes with o-quinones in
a wide range of oxidation state . For example, the oxidation state of free o-quinones can be o-benzoquinone, or
o-benzosemiquinone, or catecholate when it meets proper transition metallic ion. The different oxidation states
show on electron coupling between ligand and transition metallic ion through the stepwise reduction or oxidation.
These statements have been verified by Infrared (I.LR.), Cyclic Voltammograms (C.V.), Size Exclusion
Chromatography (SEC), Electron Spin Resonance (EPR) !,

The peculiar characteristics of PQ with transition metallic ion are applied to our volume holographic data storage.
Through the complexation between PQ and transition metallic ion, the photochemical reaction of PQ with
residual monomer of the samples can be improved. In this study, Yb"™ and Er” are doped in the
PQ/MMA-HEMA copolymer. In order to avoid the shrinkage problem, we adopt the pre-polymerization process
to develop a new, good optical photopolymer in advance'”. Volume holographic characteristics of these samples
have presented a significant improvement. And the mechanism has also been studied using UV-vis, IR and

photoluminescence (PL) spectroscopies.

2. EXPERIMENTAL PROCEDURES

Material preparation

The holographic materials is composed of Methyl methacrylate (MMA) and 2-Hydroxyethyl methacrylate
(HEMA) as a copolymer host, organometallic compounds as a guest, 9,10-phenanthrenequinone (PQ) as a photo
initiator, and AIBN as a thermal initiator. The organometallic compounds are Ytterbium (lIl) acetate tetrahydrate
and Erbium (l1l) acetate hydrate. The water content is removed from the organometallic compound at 80 °C
according TGA analysis. The dehydrate compound can endow better solubility in organic monomers. Monomers
MMA and HEMA with the ratio of 3:7 and the PQ molecules with the weight ratio of 0.7% are first mixed
together to form homogenous solution. Then, the liquid sample is modified by adding organometallic compound
with the weight ratio of 0.02%. The metallic ion containing the mixture is further stirred about 24hr under the
constant temperature 35 °C. Finally, the solution is poured into a self-made cell (the thickness is 2mm) and baked
at 45 °C for 3 days until it becomes solid. The process can avoid the shrinkage problem and offer samples good

optical quality.

Characterization

Proc. of SPIE Vol. 6620 66201K-2

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/26/2014 Terms of Use: http://spiedl.or g/terms



UV-vis absorption spectrum is measured with Hitach-U2000 spectrophotometer. Hitachi E4500 is used to
characterize the photoluminescence spectrum of the sample. Samples are scanned on PerkinElmer 100 (FT-IR) at
room temperature to investigate function groups. The samples for FT-IR measurement are prepared by
dissolving PQ and organometallic compound in tetrahydrofuran (THF) and drop the solution on KBr pellets then
dry at room temperature. The volume holographic characteristics are recorded at a wavelength of 514 nm from

argon gas laser. The holographic optical setup is shown on Figure 1.

3. RESULTS & DISCUSSION

Holographic Recording

The diffraction efficiency curves of the single hologram of the sample without and with doped metallic ion are
shown in figure 2. The diffraction efficiency depends on exposure energy and time. As shown in figure 2, the
maximum diffraction efficiency of the doped Yb™ copolymer is 59% with the exposed energy is 19.3 J/cm® and
that of the doped Er” copolymer is 47% with the exposed energy is 17.1 J/cm® Both samples have higher
diffraction efficiency than the undoped copolymer, with the diffraction efficiency 40% and the exposed energy
20.59 J/em®. The increments of the diffraction efficiency are 47% and 17.5%. Moreover, by analyzing the rise
time, the doped Yb™ copolymer and the doped Er™® copolymer are of 243s and 233s respectively. The undoped
copolymer is of 281s. Both doped samples show shorter rise time than the undoped copolymer. It reveals that
the copolymer containing metal ion don’t need more time to reach the higher maximum diffraction efficiency.
The results tell us that doping these two transition metal ion just 0.02%, leads to significant improvement of the
maximum diffraction efficiency with less rise time. Small amount of the transition metallic ion demonstrates
great contributions. In addition, the refractive index change can be theoretically calculated to relate the

photochemical reaction. The refractive index change is due to the photochemical reaction on exposure.
. . . . . .2 An .
According to the diffraction formula of the holographic grating 77 =Ssin (m), the refractive index
COS

change due to writing on the doped Yb"™ copolymer and the doped Er* copolymer are 8.16x107 and 7.04x10”
respectively. That of the undoped copolymer is 6.38x10°. The amount of refractive index change of sample
containing metal ion is larger than the undoped copolymer. This result proves that adding the metallic ions into
copolymer enhance the photochemical reaction. Meantime, the dynamic range of multiple-hologram recording
experiments at a single location is recorded by using a peristrophical multiplexing technique. We record 250

phase holograms in our sample and readout the diffraction efficiency for each hologram. According to the

equationC = Zf‘il In,  the summation of the square root of the diffraction efficiencies can form a running
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curve of the cumulative grating strength (C), where 77 is diffraction efficiency and n the total number of the
holograms. When i approaches to n, Ctends to be saturated, and its saturation value is equal to the dynamic
range, called M/#. As depicted in figure 3 and Table 1, the dynamic range of the doped Yb™ copolymer and the
doped Er" copolymer are 2.12 and 1.58 respectively. They are higher than that of the undoped copolymer 1.16.
In addition, we perform a curve fitting to get the material sensitivity by the function C(E) = C, [ —exp(-E/ E,)]
where E is exposure energy and E; gives the exposure energy constant of the material, and the saturation value

C,.: equal to the value of M/#. The sensitivity of the volume holographic data storage describes the speed of

photoreaction at the initial state of the material and can be written by the expression, S=C

sat

/E,=M#/E,. The
doping metal ions into copolymer can rise up the dynamic range and diffraction efficiency indeed, but reduces

the sensitivity.

Photochemical measurement

UV-visible spectrum and PL spectrum

The UV-visible absorption spectra are in figure 4. The absorption of light in thick sample must be low enough to
form the phase hologram instead of amplitude hologram. The unexposed sample has strong absorption in the
visible range 400-480 (nm) and the absorption drops rapidly when A > 480 nm. The tail adsorption at the
wavelength 514 nm meets our requirements for volume holographic recording. After exposure, the samples
dramatically decrease the visible absorption with tail when A > 400 nm. The change is due to the less conjugation
in the final product than in the original sample, it has been discusses in our other publication . As the
conjugation in a compound decreases, less delocalization of the © electrons results. The result is a increase in
transition energy from m-n* and thus a blue shift. The chemical structure change is verified through PL spectrum
on figure 5. Those spectra exhibit that exposed sample has much stronger luminescence intensity than the
unexposed sample. The pristine PQ has two conjugated carbonyl groups. Carbonyl groups usually have strong
quench effect on exciton, so that, the exciton doesn’t easily loose energy through radiation but transfers energy to
environment through non-radiative process. In this way, the unexposed sample displays weak photoluminescence
intensity. After the exposure, the photoreaction causes the PQ molecules loose one or two carbonyl groups. The
disappearance of carbonyl groups reduces the exciton quencher number. It leads to the exciton can release energy

through the radiative process and a much stronger photoluminescence spectrum.

FT-IR spectrum

Figure 6 depicts the IR spectra of the samples, which are prepared only mixing PQ and organometallic
compound in THF. THF replaced MMA and HEMA to avoid the interference of C=0O absorption. It directly
presents the interaction of PQ with metallic ion under exposure. From figure 6(a), it is noticed that the carbonyl
group (C=0) peak and the stretching peak of C=C in aromatic ring appear at 1674 cm™ and 1591 cm’

respectively. Before exposure the carbonyl absorption peak of the PQ/YB* sample at 1679 cm™ is very weak in

Proc. of SPIE Vol. 6620 66201K-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/26/2014 Terms of Use: http://spiedl.or g/terms



compare to that of the pristine PQ. It means the most of carbonyl groups of PQ react with Yb" through strong
interaction to form a new identity. This new identity continues further to proceed photoreaction on exposure.
However in figure 6(b), the carbonyl absorption peak of the PQ/Er* sample have less significant change before
exposure. It shows the carbonyl groups less strongly interact with Er™ before exposure, but they react through
photoreaction on exposure. It tells us PQ exhibits stronger interaction with Yb™ than Er”. Analysis the
difference between these two samples, the PQ/Yb " sample carries on the photoreaction through the new identity
structure of PQ comprehend Yb ™, but the PQ/Er"> sample through less interaction of PQ with Er™ and pristine
characters of PQ. Meantime, as figure 7 shows, it reveals exposure PQ-Yb" has the stronger luminescence
intensity than another one. It directly shows that metal ion Yb™ and PQ have better chemical interaction. As a
consequence, the conclusion clarified clearly that the better interaction between PQ and metal ion, the better the

characteristics of holographic storage.

4. CONCLUSION

It is demonstrated that Yb" and Er*® metallic ion can significantly enhance the holographic characteristics of
PQ/P(MMA-HEMA) polymer materials. The diffraction efficiency rise up to 59% and 47%, the dynamic range
enhance to 2.12 and 1.58 on Yb™ and Er™ containing copolymers, respectively. The increment percentages of
diffraction efficiency and dynamic range of doped Yb"* sample are 47% and 82% respectively; those of doped
Er"® sample are 17% and 36% respectively. The major cause of improving the holographic characteristic is the
interaction between PQ and metallic ion. Besides, the different metallic ions bring the different interaction to
form complex. The better interaction between PQ and metal ion, the better the holographic characteristic of the

material.
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Fig. 1 The optical setup for holographic volume storage
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Fig. 3 The running curve of the cumulative grating strength of photocopolymers

Tablel Characteristics of volume holographic of samples without and with metallic ion photopolymer

Sample M# E(J/em®)  Sensitivity(cm*/J)
Copolymer 1.16 13.72 0.67
Doped Yb™ copolymer ~ 2.12 14.84 0.14
Doped Er* copolymer ~ 1.58 16.64 0.09
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