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Abstract. Two-wavelength holographic recording in thick
phenanthrenequinone-doped poly(methyl methacrylate)
photopolymer is demonstrated. By using 325 nm laser as a
gating illumination during the holographic recording with
647 nm laser, a volume hologram with diffraction efficiency
of ∼4% can be recorded in a 2 mm thick sample. In addition,
the Bragg selectivity curve with clear sinc nulls is demon-
strated. These results support further applications as record-
ing media for volume holographic device with extended
spectral response and selective recording property. © 2012
Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/
1.OE.51.3.030503]
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Holographic recording using two-wavelength photochemi-
cally-based processes, in which the red (even near-infrared)
laser is used for recording and the blue (even UV) light
was used for optically gating, provides several important
features over conventional single-wavelength or two-photon
nonlinear recording.1–5 The features include the ability
to record holograms with low-intensity and/or longer-
wavelength lasers, nondestructive readout before the record-
ing medium reaches saturation, as well as the ability to do
selective recording by gating the sensitivity of the medium
optically. If these features were combined with volume holo-
graphy, one could have more freedom for designing optical
systems and/or creating innovative ideas for applications.
One of the particularly successful examples is optical fixing
in doubly doped LiNbO3 crystals with two photorefractive
centers for the holographic data storage.6 Recently, thick

phenanthrenequinone-doped poly(methyl methacrylate)
(PQ/PMMA) photopolymer materials have attracted intense
research interest because this material possesses not only
high optical quality but also negligible light-induced shrink-
age.7–9 In this paper, we experimentally demonstrate the
possibility of performing two-wavelength holographic re-
cording in 2 mm thick PQ/PMMA. It may be able to open
a new window for photopolymer on different applications of
optical information, such as data storage, communication,
and holographic imaging.3–5

The first demonstration of two-wavelength holography in
photopolymer was made by Bjorklund et al. in 1981,1 who
proposed to utilize a photosensitive dye with four-level
energy schemes with cascade-excited metastable intermedi-
ate levels for performing two-wavelength recording. They
successfully demonstrated holographic recording in a
200 μm thick carbazole dissolved in PMMA thin film.
Later on, Brauchle et al.2 of the same group reported their
results with 11% diffraction efficiency on 400 μm photo-
polymer consisting of an α-diketone dissolved in a poly-
cyanoacrylate host. More recently, in 2007, Hirabayashi
et al.5 reported the two-wavelength holographic recording
on a 25 μm thin layer photopolymer TP-1G (Daiso Co.,
Ltd.) co-doped with two-color-photosensitive dye, bis
(silyl)pentathiophene and photo-initiator, 2,2-dimethoxy-2-
phenylacetophenone. In general, those materials consist of
photosensitive dye with four energy level systems dissolved
in a polymer host. In terms of chemical formula, the PQ is
α-diketone based derivatives, so that using the same idea, it is
possible to perform two-wavelength holographic recording
in PQ/PMMA.

Thick PQ/PMMA samples studied in this work were
prepared by two-step thermo-polymerization method.7 We
dissolved 0.7 wt% of photosensitive dye, PQ and 1 wt% of
thermal initiator, azobisisobutyronitrile molecules into the
liquid monomer, MMA. The solution was stirred at 30°C
for 24 h, until it became viscid. The solution was then poured
into a glass mold, baked at 45°C for 72 h and became a self-
sustained solid block with dimension of 20 × 20 × 2 mm3.
The sample can be removed from the mold for optical
and holographic testing. The UV-VIS spectrum of the
prepared sample (as shown in Ref. 7) indicates two charac-
teristic absorption peaks of the PQ molecules in the spectral
range shorter than 450 nm. The sample is almost transparent
as the wavelength is longer than 540 nm. Thus, the 325 nm
light source is selected as gating light, which approaches the
peak of the n − π� transition absorption to excite material
into a metastable intermediate state for producing absorption
in the red spectral range to perform holographic recording.10

For recording, laser beam with wavelength of 647 nm is
chosen.

The dynamics of light-induced absorption change is then
tested. The transmittance of the sample at 647 nm was
probed by use of a weak beam from a Krþ laser under illu-
mination with additional 325 nm beam from He-Cd laser
simultaneously. Figure 1 shows the temporal response of
absorption coefficients (α, cm−1) of the sample as a function
of the exposure energy of gating light. It is seen that the
absorption at 647 nm immediately grows as the gating
beam is turned on, and reaches saturation at ∼3 cm−1 as
the energy density reaches to 250 J∕cm2. On the other
hand, the absorption at 325 nm gradually decreases from0091-3286/2012/$25.00 © 2012 SPIE

Optical Engineering 030503-1 March 2012/Vol. 51(3)

OE Letters



42 to 8 cm−1. The curve becomes saturated at the exposure
energy density of 200 J∕cm2, indicating the sample to be
bleached. These results suggest that the hologram can be
recorded most efficiently in PQ/PMMA as the exposure
energy of gating light reaches 100 J∕cm2. This information
is useful for designing the two-wavelength holographic
experiments in PQ/PMMA.

Next we perform the holographic experiments. Two
647 nm s-polarized beams were used to write gratings in
a two-wave beam interference setup in transmission geom-
etry. The schematic diagram is shown in the inset of Fig. 2.
The intensity of each recoding beam was about 0.6 W∕cm2

and the writing angle between two beams was 30-deg outside
the sample. The grating growth was probed at real time with
a low power third beam, coming from the same laser source.
For more efficient recording, a cw 325-nm laser beam with
intensity of 90 W∕cm2 illuminated sample simultaneously
during holographic recording. The temporal response of
the diffraction efficiency is shown in Fig. 2. For comparison,
diffraction dynamics of a hologram recorded in the sample
without UV gating is also included and shown with a black
dashed curve. It is seen that the material sensitivity of

holographic recording at 647 nm is dramatically enhanced
with UV gating light. The diffraction efficiency gradually
grows and saturates at the value of ∼4%. Meanwhile, the
sample is nearly inactive to the red without gating. The satu-
rated value of the dashed curve approaches 1.5 × 10−4%,
which is 104 times less than that with gating.

In order to demonstrate the ability to do selective record-
ing in the PQ/PMMA sample by optical gating, which is
important for providing the capability of nondestructive
readout of the recorded hologram, we perform the second
holographic experiment. During the recording, the gating
laser was switched on and off alternately. The result is
shown in Fig. 3. It can be seen that during the interval as
the gating beam was blocked (UVoff), diffraction efficiency
remained almost constant, indicating no hologram growth
was observed. At the moment as the gating beam was turned
on (UV on), the diffraction efficiency immediately began to
grow rapidly with time. Additionally, as illustrated in Fig. 3,
we have blocked the gating beam at t ¼ 17 min, and no sig-
nificant growth and decay of hologram were observed for
exposure time as long as 28 min. In a subsequent experiment,

Fig. 1 The dynamics of light-induced attenuation coefficients
(α, cm−1) for a 2 mm thick PQ/PMMA (black curve: gating light at
325 nm; blue curve (online): recording light at 647 nm).

Fig. 2 Holographic dynamics of the two-wavelength holographic
recording in a 2 mm thick PQ/PMMA sample (insert: schematic
diagram for optical setup).

Fig. 3 Growth curve of diffraction efficiency of hologram recorded with
and without gating.

Fig. 4 The Bragg selectivity curve for a 2 mm thick sample. The sym-
bols represent measured results, and the curve is theoretically calcu-
lated by using the Kogelnik’s coupled wave equation (insert: picture of
diffraction pattern).
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we blocked one of the recording beams, and the hologram
was exposed to uniform 647 nm radiation with intensity
of 0.6 W∕cm2 for up to 24 h. We found out that there
was no significant change in diffraction efficiency of the
hologram, which demonstrates the nondestructive readout
capability of the hologram. These results indicate that the
gating light at 325 nm is very efficient to perform optical
gating of material sensitivity to achieve two-wavelength
holographic recording.

After holographic recording, the Bragg selectivity curve
of the hologram was measured by rotating the sample
mounted on a rotational stage. Figure 4 shows a typical
curve for a hologram with ∼4% diffraction efficiency. It
can be seen clearly that the hologram has a sinc-squared
selectivity curve as expected for a uniform 2 mm thick holo-
gram. It is because of that the absorption of sample at 647 nm
is too small to generate a smoothing of secondary lobes of
sinc-squared curve in the angular response. On the other
hand, we were able to observe a uniform diffracted beam
spot in experiments (shown in the inserted picture in Fig. 4).
This result suggests a good volume hologram characteristic
because the high-bandwidth hologram can be reconstructed
completely.

In conclusion, we have successfully performed two-
wavelength holographic recording in PQ/PMMA photo-
polymers. The experimental results show the maximum
diffraction efficiency obtained was ∼4% for a 2 mm thick
PQ/PMMA photopolymer. A clear sinc-squared Bragg selec-
tivity curve has been obtained. Although the diffraction
efficiency is not optimized yet or as high as that of a holo-
gram recorded by single green wavelength,7–9 these results

indicate our PQ/PMMA material to be attractive for volume
holographic applications with capabilities of two-wave-
length recording.
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