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Abstract: The dark diffusion enhancement process (DDEP) caused by photopolymerization during
the pre-exposure of TI/PMMA (titanocene dispersed methyl methacrylate matrix) polymers was the-
oretically analyzed and experimentally investigated, revealing the holographic grating enhancement
of TI/PMMA polymers in the post-exposure process without additional operations. The diffusion of
photo-initiators and photoproducts dominated the grating enhancement process after exposure. We
adopted two pre-exposure methods, long-time (second level) and short-time (millisecond level) laser
exposure, at 532 nm, to investigate the DDEP during the post-exposure process. A five-fold enhance-
ment in grating strength was achieved in consecutive long-time pre-exposures, while a two-fold
grating development was examined after short-time exposure. Additionally, the exposure durations
and repetition rates influenced the grating increment of the DDEP. This study provided a basis for
the feasibility of holographic application in TI/PMMA photopolymers via the dark diffusion effect.

Keywords: dark diffusion; photopolymerization; holographic grating enhancement; pre-exposure;
post-exposure; TI/PMMA photopolymer

1. Introduction

Volume holographic recording is a type of three-dimensional storage technology [1–3].
Compared to traditional two-dimensional storage, such as magnetic storage [4], optical
storage [5] and semiconductor storage [6], holographic storage exhibits the excellent prop-
erties of a high transmission rate, high storage density and simultaneous reading/writing
ability [7,8]. The performance of volume holographic storage is mainly determined by the
recording medium. In many recording materials, photopolymers exhibit comprehensive
holographic properties alongside a low price and simple fabrication [9–11]. TI/PMMA
(titanocene dispersed methyl methacrylate matrix) polymers have been developed based on
the traditional PQ/PMMA (phenanthrenequinone dispersed methyl methacrylate matrix)
polymer fabrication method, named thermo-polymerization [12]. The difference between
the two polymer components is the photo-initiator. We replaced PQ (phenanthrenequinone)
molecules [13] with TI molecules [14,15] to create a new-generation photo-initiator. This
kind of photopolymer exhibits better holographic properties than that of PQ/PMMA [16].
Meanwhile, TI/PMMA polymers can record holographic intensity and polarization modu-
lated gratings through long-time (second level) and short-time (millisecond level) expo-
sure [17–19], exemplifying the competitiveness of holographic storage applications.

Grating strength enhancement caused by dark diffusion is a unique characteristic
of photopolymers during the holographic recording process. Many investigations have
proved this behavior in photopolymers, such as PQ/PMMA [20,21] and PVA/AA (poly
(vinyl alcohol)-acrylamide) [22] materials. However, dark diffusion in the TI/PMMA
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polymer has not yet been investigated. The essence of the dark diffusion enhancement
process (DDEP) is the diffusion of photo-initiators and photoproducts after exposure [21].
By studying this special characteristic, the holographic recording period can be reduced
and the exposure energy availability improved. In this article, the DDEP performance
of TI/PMMA polymers during the post-exposure process was investigated using two
recording approaches. On one hand, we adopted long-time exposure (second level) to
record gratings. In the experiment, the influence of exposure density and pre-exposure time
on DDEP was firstly examined. Then, we studied the recording ability of a single grating
and multiplexed gratings on the DDEP. On the other hand, a short exposure (millisecond
level) was used in the pre-exposure period. The effects of a short duration and various
repetition rates were analyzed experimentally. All the results indicated that TI/PMMA
polymers could generate dark diffusion and exhibit excellent performance.

2. Materials and Methods
2.1. Materials and Preparations

Here, we fabricated TI/PMMA polymers using a three-step polymerization method [14],
which included pre-polymerization, high-temperature treatment and low-temperature
polymerization. The chemical structures of the main solutes and solvents used in the fabri-
cation of TI/PMMA polymers are depicted in Figure 1 [23–25]. The solvent MMA was used
as the monomer in the TI/PMMA matrix, which contributed to the polymerization process
through photo-initiation and thermo-initiation. The TI and AIBN (azo-di-isobutyronitrile)
molecules acted as photo-initiators and thermo-initiators, respectively, to activate the
polymerization reaction. AIBN generated free radicals under heating conditions, which
initiated the chain polymerization of MMA monomers. TI molecules were excited by
laser exposure to produce free radicals that polymerized the surrounding monomers. This
process modulated the refractive index of the exposure area to generate holographic grat-
ing. Optimized doping concentrations of a photo-initiator (TI molecules 4.0 wt. %) and
thermo-initiator (AIBN molecules 2.0 wt. %) were introduced into the substrate MMA
monomers, which was investigated on our previous page [14]. The mixture was stirred at
40 ◦C for 24 h to make the solute dissolve completely and remove the nitrogen generated
by the thermo-decomposition of the AIBN. Then, the solution was placed in the incubator
(TAISITE, Tianjing, China) at 72 ◦C for 15 min to intensify the thermal polymerization
reaction. After this high-temperature treatment the mixture became viscous, and after a
slow process of low-temperature polymerization at 45 ◦C for 48 h, the viscous mixture
changed into a lumpy solid state. Samples with different thicknesses, of between 1 and
3 mm, were prepared using different molds and subsequent polishing operations. We
used TI/PMMA materials of the same concentration ratio to measure the dark diffusion
enhancements of single and multiplex grating recordings after pre-exposure.
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2.2. Holographic Setup

During the holographic recording step, an interference system comprising of a two-
wave coupling optical path was used to measure holographic parameters [26,27], as shown
in Figure 2a. At the recording stage, we opened Shutter2 to ensure that the two beams
were coupled. The half-wave plate before the PBS controlled the intensity ratio of the two
beams, while the half-wave plates after the PBS adjusted the polarization direction of the
two beams. In our experiment, two recording beams were tuned to parallel polarizations.
Shutter1 was applied to control the exposure flux transmitting to the sample. Then,
during the reconstructing process, we closed Shutter2 to prevent two-wave coupling. The
reconstructing beam transected the sample along the same path as the recording beam in
order to reconstruct the diffracted beam. Shutter1 remained in an off state during the DDEP,
only periodically opening for 0.5 s to read the diffracted intensity with lower exposure
energy to avoid the influence of light absorption on diffraction efficiency. According to
Figure 2, we can see that the light absorption peak of the TI/PMMA polymer was around
500 nm at the range of 400–650 nm. In order to avoid an excessive scattering effect and
to enable consideration of the samples with the existing laser in the laboratory, we chose
a 532 nm laser as the excitation source. Hence, a solid state 532 nm green laser with a
maximum exposure energy of 115 mW/cm2 was adopted to investigate the dark diffusion
properties of the TI/PMMA polymers. The intersection angle between the two recording
beams was 10 degrees. By placing an electronical rotator at the bottom of the TI/PMMA
sample holder, the multi gratings recorded by angle multiplexing in the same exposure area
could be realized. Diffraction efficiency and grating strength were the common parameters
used to describe the index of the holographic grating. Diffraction efficiency was defined as
the ratio of the diffracted intensity to the transmitted intensity of the reconstructing beam,
and grating strength was defined as the square root of the diffraction efficiency.

Polymers 2021, 13, x FOR PEER REVIEW 4 of 12 
 

 

 
Figure 2. (a) Recording and reconstructing approaches for holographic measurement, (b) light 
absorption spectrum of TI/PMMA polymers at the range of 400–650 nm. 

3. Results and Discussion 
3.1. Theoretical Analysis on Dark Diffusion Enhancement Process (DDEP) 

There are two main processes in holographic grating formation: the photochemical 
and photophysical reactions. The photoinitiated molecule absorbs photons to generate 
radicals, which can further initiate polymerization reactions with the surrounding mono-
mers. This is the main photochemical process. Meanwhile, the photophysical reaction is 
the diffusion effect of photoinitiated molecules due to the concentration difference be-
tween dark fringe and bright fringe regions caused by interference exposure [28]. In the 
system of TI/PMMA polymers, TI represents the photoinitiated molecules, while PMMA 
stands for monomers. Here, we introduced the absorption coefficient influenced by sam-
ple thickness and exposure time into the traditional non-local diffusion model [17,21]. The 
temporal and spatial relations of photopolymerization and dark diffusion have been de-
termined, as shown below [29,30]: 

= + − − +ε ε φ
ε 0
1[Photoproduct]( , ) ln{1 [exp( TI ) 1]exp[ I (1 V cos ) ]}x t d d Kx t
d

 (1)

= + − −τ τ α0
TI

TI
( , ) (1 V cos )exp( )exp( )

2 dD x Kx fk d  (2)

= − −τ τ τPhotoproduct 0 TI 0 TI( , ) P hotop r oduct ( , )=TI ( , )D x D x D x  (3)

where d stands for the thickness of sample and φ  is the quantum yield, while ε  
represents the molar absorption coefficient, I0 is the exposure intensity, V is the light 
visibility and dfk  depicts polymerization rate. TI0, Photoproduct0 and TI describe the 
original concentration of the TI molecules before exposure, the concentration of the 
photoproduct, and the TI molecules after exposure, respectively. Equation (1) expresses 
the photopolymerization in pre-exposure, a photoinitiated polymerization reaction in 
which TI photo-initiators and PMMA monomers polymerized to form photoproducts. 
While the dark diffusion is depicted in Equations (2) and (3), τTI ( , )D x  and 

τPhotoproduct ( , )D x  describe the diffusion coefficient of the TI molecules and the 
photoproducts caused by the concentration difference between the bright and dark fringe 
regions in the exposure area. 

The whole grating formation of the DDEP included three stages: photoinitiated 
polymerization, dark diffusion of the photo-initiator, and the reverse diffusion of photo-
products. During the second step, the diffusion of the photo-initiator, TI molecules (from 
the dark fringe to bright fringe regions), were the main requirement for improving the 
grating strength, while the third step, the reverse diffusion of photoproducts (from the 
bright fringe to dark fringe regions, named anti-diffusion), could attenuate the holo-

Figure 2. (a) Recording and reconstructing approaches for holographic measurement, (b) light absorption spectrum of
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3. Results and Discussion
3.1. Theoretical Analysis on Dark Diffusion Enhancement Process (DDEP)

There are two main processes in holographic grating formation: the photochemical
and photophysical reactions. The photoinitiated molecule absorbs photons to generate rad-
icals, which can further initiate polymerization reactions with the surrounding monomers.
This is the main photochemical process. Meanwhile, the photophysical reaction is the
diffusion effect of photoinitiated molecules due to the concentration difference between
dark fringe and bright fringe regions caused by interference exposure [28]. In the system of
TI/PMMA polymers, TI represents the photoinitiated molecules, while PMMA stands for
monomers. Here, we introduced the absorption coefficient influenced by sample thickness
and exposure time into the traditional non-local diffusion model [17,21]. The temporal
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and spatial relations of photopolymerization and dark diffusion have been determined, as
shown below [29,30]:

[Photoproduct](x, t) =
1
εd

ln{1 + [exp(εTId)− 1] exp[−εdφI0(1 + V cos Kx)t]} (1)

DTI(x, τ) =
TI0

2
(1 + V cos Kx) exp(− f kdτ) exp(−αd) (2)

DPhotoproduct(x, τ) = Photoproduct0 − DTI(x, τ)= TI0 − DTI(x, τ) (3)

where d stands for the thickness of sample and φ is the quantum yield, while ε represents
the molar absorption coefficient, I0 is the exposure intensity, V is the light visibility and f kd
depicts polymerization rate. TI0, Photoproduct0 and TI describe the original concentration
of the TI molecules before exposure, the concentration of the photoproduct, and the TI
molecules after exposure, respectively. Equation (1) expresses the photopolymerization
in pre-exposure, a photoinitiated polymerization reaction in which TI photo-initiators
and PMMA monomers polymerized to form photoproducts. While the dark diffusion is
depicted in Equations (2) and (3), DTI(x, τ) and DPhotoproduct(x, τ) describe the diffusion
coefficient of the TI molecules and the photoproducts caused by the concentration difference
between the bright and dark fringe regions in the exposure area.

The whole grating formation of the DDEP included three stages: photoinitiated poly-
merization, dark diffusion of the photo-initiator, and the reverse diffusion of photoproducts.
During the second step, the diffusion of the photo-initiator, TI molecules (from the dark
fringe to bright fringe regions), were the main requirement for improving the grating
strength, while the third step, the reverse diffusion of photoproducts (from the bright
fringe to dark fringe regions, named anti-diffusion), could attenuate the holographic grat-
ing. Figure 3 depicts the diffusion distributions and refractive index modulations of the
TI molecules and photoproducts during the dark diffusion process. The refractive index
modulation was calculated using Equation (4) [31], where NTI and NPhotoproduct are the
constants related to the refractive indices of TI molecules and photoproducts. Here, the re-
fractive indexes of the TI molecules, photoproducts and substrates were 1.6298, 1.5005 and
1.4760, respectively. It was possible to improve the refractive index of the TI concentration
gradient by the order of 10−6, while the distribution of the photoproduct could only be
influenced by a level of 10−7. Overall, the DDEP improved holographic grating strength
following a long diffusion due to the refractive index modulation of the TI molecules.

∆n(τ)= NTI[TI](τ)−NPhotoproduct[Photoproduct](τ
)

(4)
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3.2. The Dark Diffusion Enhancement Process (DDEP) in TI/PMMA Polymers with Consecutive
(Long-Time) Exposure

The DDEP could improve the diffraction efficiency and holographic stability of
TI/PMMA polymers without additional operations. In the experiment, we firstly ex-
amined the DDEP by recording a single grating under long-time (second level) exposure.
Two factors, exposure energy and pre-exposure time, were investigated to analyze their
influence on the DDEP, as shown in Figures 4 and 5. In order to trigger the dark diffusion,
we were required to pre-expose the sample in order to activate the photopolymerization
reaction and form a concentration difference in the exposure area. Figure 4 depicts the
influence of exposure energy on diffraction efficiency in the dark diffusion by maintaining
the same pre-exposure time of 30 s. Here, the diffraction efficiency was defined as the ratio
of diffracted intensity to transmission intensity in the reconstructing process. The exposure
energy range was from 32 to 115 mW/cm2. With the increase in exposure energy, the
diffraction efficiencies of the 2 mm and 3 mm samples improved by 2.12-fold (from 8.7% to
18.5%) and 2.25-fold (from 15.8% to 35.6%), respectively, while diffraction efficiency in the
1 mm sample declined by 70% (from 5.3% to 1.6%). Meanwhile, the diffraction efficiency
increment was defined as the difference between the diffraction efficiency before and after
dark diffusion enhancement, and the DDEP increment percentage was defined as the
ratio of the diffraction efficiency increment in the dark diffusion to the original diffraction
efficiency in post-exposure. As shown in Figure 4c, the DDEP increment percentages of
the 1–3 mm TI/PMMA samples were 3.2–13.3%, 40.5–45.8% and 86.5–138.5%, respectively.
This result illustrates that holographic grating strength in the thicker samples was mainly
improved by the diffusion effect, while in thinner samples it was mainly enhanced by
polymerization reactions.
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Figure 5. Effect of pre-exposure time on the DDEP of materials with different thickness: (a) maximum
diffraction efficiency, (b) diffraction efficiency increment, (c) DDEP increment percentage.

Figure 5 depicts the influence of pre-exposure time on the diffraction efficiency in
dark diffusion with the same exposure energy, 115 mW/cm2. With the pre-exposure time
increasing, the diffraction efficiency enhancements of the 1–3 mm samples were 4-fold (from
0.4% to 1.6%), 12.3-fold (from 1.5% to 18.5%) and 4.8-fold (from 7.5% to 35.6%), respectively.
However, we found that the DDEP increment percentage of the 3 mm sample decreased
from 500% to 110% when the pre-exposure time increased from 2 s to 30 s. The results imply
that with the increment in pre-exposure time, the contribution of photopolymerization to
the grating formation gradually increased.

Then, we examined the storage capacity of the pre-exposure and the DDEP using
angular-multiplexed gratings recording on the TI/PMMA polymers. We selected 5 s, 10 s
and 20 s as the pre-exposure times for the 1–3 mm TI/PMMA polymers with the same
exposure energy, 115 mW/cm2. In the experiment, we recorded 20 holographic gratings
at the same position by controlling the electronical rotator with an accuracy of 1 degree,
as shown in Figure 6. We took the grating strength of 0.2 as the benchmark. It was found
that the number of multiplexing gratings above the benchmark was 8, 11, 20 in the 1–3 mm
samples, respectively. This indicated that developing sample thickness could improve both
storage density and recording quality. In addition, we investigated the stable multiplexing
grating strengths during the DDEP [32], and the peak diffraction efficiency was achieved at
50 s, 200 s and 600 s in the 1–3 mm thick samples, respectively, which implied that the dark
diffusion effect was closely related to the thickness of the recording medium, as shown in
Figure 6.
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Figure 6. Enhancement of multiplexed gratings in dark diffusion: (a) 1 mm, (b) 2 mm, (c) 3 mm.

To investigate further, we measured the total multiplexing grating strengths before
and after dark diffusion, as shown in Figure 7. The original grating strengths during the
post-exposure process of the 1–3 mm samples were 2.82, 3.37 and 4.85, respectively. During
the dark diffusion process, the peak grating strengths of the 1–3 mm thick materials were
2.94, 4.20 and 6.88. The corresponding increment ratios were 4%, 25% and 42%, respectively.
Meanwhile, the stabilized grating strengths at the end of the dark diffusion were 2.02, 3.32
and 6.48. The corresponding attenuation ratios were 31%, 21% and 6%. This result indicates
that thicker materials contributed high multiplexing capacity and stable storage ability. The
lengths of error bars shown in Figure 7b,d,f were 0.1–0.2, 0.05–0.15 and 0.18, respectively.
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Figure 7. The evolution of grating strength during the pre-exposure and dark diffusion process:
(a,b) 1 mm, (c,d) 2 mm, (e,f) 3 mm.



Polymers 2021, 13, 1735 8 of 11

3.3. Dark Diffusion Enhancement Process (DDEP) in TI/PMMA Polymers with Short-Time Exposure

After investigating the DDEP at the condition of long-time pre-exposure of the
TI/PMMA polymers, we tried another exposure method, using millisecond order du-
ration aiming to realize a transient grating recording. Figure 8 depicts the diffraction
efficiency in the dark diffusion process after single shot exposure with different short-time
durations (20~500 ms). The exposure energy was set to 115 mW/cm2 at this time and
the exposure duration was controlled by an electronical shutter. It became evident that
TI/PMMA is a type of sensitive photopolymer that is able to generate a dark diffusion
effect even after pre-exposure of 20 ms. With the increment in the single shot duration,
the contribution of the dark diffusion to the grating formation also rose. We achieved
48%, 127% and 207% DDEP improvement in the 1–3 mm samples using a pre-exposure of
500 ms.
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Figure 8. Effect of short-time duration on single shot DDEP of materials with different thickness:
(a) maximum diffraction efficiency, (b) diffraction efficiency increment, (c) DDEP increment percentage.

However, when we examined the response time of a single shot DDEP, a different
trend was found compared with the impact of long-time exposure, as shown in Figure 9.
Here, we defined the response time as the exponential fitting constant in the temporal
evolution of the diffraction efficiency [33]. After single shot exposure, the response time
declined with the increment in the single shot duration. Conversely, the response time
to long-time post-exposure improved by raising pre-exposure time. The variation in the
response time trend indicates that dark diffusion enhancement after short-time exposure
made little contribution to grating strength, and the main reason for the generation of
holographic grating was the photopolymerization reaction. In order to match the fitting
curves, the length of error bars was 3–10 s in Figure 9a, and 10 s in Figure 9b.
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Figure 9. The response time in DDEP: (a) single shot with different short-time durations, (b) long-time
pre-exposure with different times.
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To improve the grating strength in the dark diffusion process, we adopted multiple
short-time exposures, as shown in Figures 10 and 11. Each recording position was exposed
20 times, with different single shot durations and repetition rates, respectively. Figure 10
describes the influence of single shot duration on grating strength enhancement using
multiple short-time exposures. It was found that the grating enhancement of the DDEP
could be developed by increasing exposure times and single shot duration, which implied
that the holographic properties of TI/PMMA could be adjusted by controlling pulse
exposure rates and durations.
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Figure 10. Effect of exposure time with different short-time durations on multi-shots DDEP of
materials with different thickness: (a) maximum diffraction efficiency, (b) diffraction efficiency
increment, (c) DDEP increment percentage.
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Figure 11. Effect of repetition rate on multi-shot DDEP of materials with different sample thickness:
(a) maximum diffraction efficiency, (b) diffraction efficiency increment, (c) DDEP increment percentage.

Figure 11 depicts the DDEP in multiple short-time exposures using different repetition
rates. When the total exposure flux was equal (exposure 20 times to an exposure energy
of 115 mW/cm2), we varied the exposure repetition rate within the range of 1~20 Hz. It
was found that the repetition rate influenced both the pre-exposure process and the dark
diffusion process. Compared with the dark diffusion, the influence of the pre-exposure
gradation upon grating formation was slight. For example, in the 3 mm TI/PMMA sample,
the grating strength generated during the pre-exposure process with different repetition
rates was between approximately 0.15 and 0.26%, while the grating enhancement in dark
diffusion improved from 124% to 596%. By increasing the exposure repetition rate, the dark
diffusion effect can be enhanced, while it is possible to weaken the photo-polymerization
effect. Exposure repetition rate seems to be an effective method to control the proportion of
dark diffusion in the grating formation process.

4. Conclusions

The dark diffusion effect is an important characteristic of photopolymers used in
holographic storage under dark conditions without any additional operations. Overall,
we investigated the dark diffusion properties of TI/PMMA polymers experimentally and
theoretically. The post-exposure process was mainly determined by two aspects, the
diffusion of photo-initiators and the anti-diffusion of photoproducts, which led to the
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enhancement and attenuation of holographic grating strength. In the experiment, we
adopted two approaches, consecutive (long-time) and short-time exposures, to examine the
effect of dark diffusion in our materials, TI/PMMA polymers. In the first part, single and
multiplexing gratings were recorded in materials under long-time exposure (second level).
We investigated the influence of exposure energy (32–115 mW/cm2) and exposure time
(2–30 s) on the dark diffusion effect in TI/PMMA polymers. The DDEP could be enhanced
by increasing the exposure duration and energy. We achieved a 35.6% diffraction efficiency
enhancement and 4.8-fold grating contribution ratio in the 3 mm sample. Furthermore,
we obtained a cumulative grating strength of 6.88 and corresponding increment ratio of
42% using angular multiplexed storage. In the second part, a short exposure (millisecond
level) was applied to examine the DDEP of TI/PMMA polymers. We achieved a 200%
diffraction efficiency improvement through dark diffusion in the 3 mm sample after 500 ms
pre-exposure. Meanwhile, the response time during the DDEP declined with the increase
in the single-shot exposure duration. The influence on the DDEP of single shot dura-
tion and repetition rate under multishot exposure was researched in detail. The grating
enhancement induced by dark diffusion could be improved by raising the single-shot
duration and repetition rate. This research can promote the realization of holographic
storage applications using our bulk TI/PMMA polymers via the dark diffusion method.

Author Contributions: Conceptualization, P.L.; methodology, P.L.; software, P.L.; validation, P.L.
and X.S.; formal analysis, P.L.; investigation, P.L.; resources, P.L. and X.S.; data curation, P.L. and X.S.;
writing—original draft preparation, P.L.; writing—review and editing, P.L. and X.S.; visualization,
P.L. and X.S.; supervision, X.S.; project administration, X.S.; funding acquisition, X.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 11374074, and the National Basic Research Program of China, grant number 2013CB328702.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cao, L.; Wang, Z.; Zhang, H.; Jin, G.; Gu, C. Volume holographic printing using unconventional angular multiplexing for

three-dimensional display. Appl. Phys. 2016, 55, 6046–6051. [CrossRef] [PubMed]
2. Yu, Y.W.; Chen, Y.C.; Huang, K.H.; Cheng, C.Y. Reduction of phase error on phase-only volume-holographic disc rotation with

pre-processing by phase integral. Opt. Express 2020, 28, 28573–28583. [CrossRef] [PubMed]
3. Nobukawa, T.; Nomura, T. Multilevel recording of complex amplitude data pages in a holographic data storage system using

digital holography. Opt. Express 2016, 24, 21001–21011. [CrossRef]
4. Zhang, Y.; Andreas, A.P. Lubricant transfer model at the head-disk interface in magnetic storage considering lubricant–lubricant

interaction. Tribol. Lett. 2016, 62, 38. [CrossRef]
5. Sunil, B.N.; Srinatha, M.K.; Shanker, G.; Hegde, G.; Alaasar, M.; Tschierske, C. Effective tuning of optical storage devices using

photosensitive bent-core liquid crystals. J. Mol. Liq. 2020, 304, 112719. [CrossRef]
6. Nehra, M.; Dilbaghi, N.; Marrazza, G.; Kaushik, A.; Abolhassani, R.Y.; Mishra, K.; Kumar, S. 1D semiconductor nanowires for

energy conversion, harvesting and storage applications. Nano Energy 2020, 76, 104991. [CrossRef]
7. Burr, G.W.; Jefferson, C.M.; Coufal, H.; Jurich, M.; Hoffnagle, J.A.; Macfarlane, R.M.; Shelby, R.M. Volume holographic data

storage at an areal density of 250 gigapixels/in2. Opt. Lett. 2001, 26, 444–446. [CrossRef] [PubMed]
8. Orlov, S.S.; Phillips, W.; Bjornson, E.; Takashima, Y.; Sundaram, P.; Hesselink, L.; Snyder, R. High-transfer-rate high-capacity

holographic disk data-storage system. Appl. Opt. 2004, 43, 4902–4914. [CrossRef] [PubMed]
9. Malallah, R.E.; Li, H.; Kelly, D.P.; Healy, J.J.; Sheridan, J.T. A review of hologram storage and self-written waveguides formation

in photopolymer media. Polymers 2017, 9, 337. [CrossRef] [PubMed]
10. Liu, P.; Zhao, Y.; Li, Z.; Sun, X. Improvement of ultrafast holographic performance in silver nanoprisms dispersed photopolymer.

Opt. Express 2018, 26, 6993–7004. [CrossRef]
11. Navarro-Fuster, V.; Ortuño, M.; Fernández, R.; Gallego, S.; Márquez, A.; Beléndez, A.; Pascual, I. Peristrophic multiplexed

holograms recorded in a low toxicity photopolymer. Opt. Mater. Express 2017, 7, 133–147. [CrossRef]

http://doi.org/10.1364/AO.55.006046
http://www.ncbi.nlm.nih.gov/pubmed/27505387
http://doi.org/10.1364/OE.399843
http://www.ncbi.nlm.nih.gov/pubmed/32988124
http://doi.org/10.1364/OE.24.021001
http://doi.org/10.1007/s11249-016-0688-5
http://doi.org/10.1016/j.molliq.2020.112719
http://doi.org/10.1016/j.nanoen.2020.104991
http://doi.org/10.1364/OL.26.000444
http://www.ncbi.nlm.nih.gov/pubmed/18040348
http://doi.org/10.1364/AO.43.004902
http://www.ncbi.nlm.nih.gov/pubmed/15449477
http://doi.org/10.3390/polym9080337
http://www.ncbi.nlm.nih.gov/pubmed/30971014
http://doi.org/10.1364/OE.26.006993
http://doi.org/10.1364/OME.7.000133


Polymers 2021, 13, 1735 11 of 11

12. Lin, S.H.; Cho, S.L.; Lin, J.H.; Hsu, K.Y.; Chi, S. Influence of fabrication conditions on characteristics of phenanthrenequinone-
doped poly (methyl methacrylate) photopolymer for holographic memory. Opt. Commun. 2014, 320, 145–150. [CrossRef]

13. Yu, D.; Liu, H.; Geng, Y.; Wang, W.; Zhao, Y. Radical polymerization in holographic grating formation in PQ-PMMA photopolymer
part I: Short exposure. Opt. Commun. 2014, 330, 191–198. [CrossRef]

14. Liu, P.; Wang, L.; Zhao, Y.; Li, Z.; Sun, X. Holographic memory performances of titanocene dispersed poly (methyl methacrylate)
photopolymer with different preparation conditions. Opt. Mater. Express 2018, 8, 1441–1453. [CrossRef]

15. Liu, Y.; Fan, F.; Hong, Y.; Zang, J.; Kang, G.; Tan, X. Volume holographic recording in Irgacure 784-doped PMMA photopolymer.
Opt. Express 2017, 25, 20654–20662. [CrossRef] [PubMed]

16. Liu, P.; Wang, L.; Zhao, Y.; Li, Z.; Sun, X. Cationic photo-initiator titanocene dispersed PMMA photopolymers for holographic
memories. OSA Continuum 2018, 1, 783–795. [CrossRef]

17. Liu, P.; Sun, X.; Zhao, Y.; Li, Z. Ultrafast volume holographic recording with exposure reciprocity matching for TI/PMMAs
application. Opt. Express 2019, 27, 19583–19595. [CrossRef] [PubMed]

18. Liu, P.; Sun, X.; Wang, L. Polarization holographic characteristics of TI/PMMA polymers by linearly polarized exposure. Opt.
Mater. 2020, 107, 109992. [CrossRef]

19. Liu, P.; Sun, X.; Wang, L. Holographic response characteristics influenced by an absorptive diffusion polymerization model in
bulk TI/PMMAs. Appl. Opt. 2019, 58, 8622–8630. [CrossRef]

20. Hsieh, M.L.; Chen, W.C.; Chen, H.Y.; Lin, S.Y. Optimization of light diffraction efficiency and its enhancement from a doped-
PMMA volume holographic material. Opt. Commun. 2013, 308, 121–124. [CrossRef]

21. Liu, H.; Yu, D.; Li, X.; Luo, S.; Jiang, Y.; Sun, X. Diffusional enhancement of volume gratings as an optimized strategy for
holographic memory in PQ-PMMA photopolymer. Opt. Express 2010, 18, 6447–6454. [CrossRef]

22. Gallego, S.; Márquez, A.; Marini, S.; Fernández, E.; Ortuño, M.; Pascual, I. In dark analysis of PVA/AA materials at very low
spatial frequencies: Phase modulation evolution and diffusion estimation. Opt. Express 2009, 17, 18279–18291. [CrossRef]

23. Liu, Y.; Fan, F.; Tan, X. SiO2 NPs-PQ/PMMA Photopolymer material doped with a high-concentration photosensitizer for
holographic storage. Polymers 2020, 12, 816. [CrossRef]

24. Liu, Y.; Fan, F.; Hong, Y.; Wu, A.; Zang, J.; Kang, G.; Tan, X.; Shimura, T. Volume holographic recording in Al nanoparticles
dispersed phenanthrenequinone-doped poly (methyl methacrylate) photopolymer. Nanotechnology 2019, 30, 145202. [CrossRef]

25. Lin, S.H.; Hsiao, Y.N.; Hsu, K.Y. Preparation and characterization of Irgacure 784 doped photopolymers for holographic data
storage at 532 nm. J. Opt. A Pure Appl. Opt. 2009, 11, 024012. [CrossRef]

26. Liu, P.; Chang, F.; Zhao, Y.; Li, Z.; Sun, X. Ultrafast volume holographic storage on PQ/PMMA photopolymers with nanosecond
pulsed exposures. Opt. Express 2018, 26, 1072–1082. [CrossRef] [PubMed]

27. Yu, D.; Liu, H.; Geng, Y.; Wang, W.; Zhao, Y. Radical polymerization in holographic grating formation in PQ-PMMA photopolymer
part II: Consecutive exposure and dark decay. Opt. Commun. 2014, 330, 199–207. [CrossRef]

28. Veniaminov, A.V.; Bartsch, E. Diffusional enhancement of holograms: Phenanthrenequinone in polycarbonate. J. Opt. A Pure Appl.
Opt. 2002, 4, 387–392. [CrossRef]

29. Moreau, V.; Renotte, Y.; Lion, Y. Characterization of dupont photopolymer: Determination of kinetic parameters in a diffusion
model. Appl. Opt. 2002, 41, 3427–3435. [CrossRef] [PubMed]

30. Colvin, V.L.; Larson, R.G.; Harris, A.L.; Schilling, M.L. Quantitative model of volume hologram formation in photopolymers. J.
Appl. Phys. 1997, 81, 5913–5923. [CrossRef]

31. Yu, D.; Liu, H.; Jiang, Y.; Sun, X. Mutual diffusion dynamics with nonlocal response in SiO2 nanoparticles dispersed PQ-PMMA
bulk photopolymer. Opt. Express 2011, 19, 13787–13792. [CrossRef] [PubMed]

32. Yu, D.; Wang, H.; Liu, H.; Wang, J.; Jiang, Y.Y.; Sun, X.D. Dark diffusional enhancement of holographic multiplexed gratings in
phenanthrenequinone doped poly (methyl methacrylate) photopolymer. Chin. Phys. B 2011, 20, 114217. [CrossRef]

33. Yu, D.; Liu, H.; Wang, J.; Jiang, Y.; Sun, X. Study on holographic characteristics in ZnMA doped PQ-PMMA photopolymer. Opt.
Commun. 2011, 284, 2784–2788. [CrossRef]

http://doi.org/10.1016/j.optcom.2014.01.024
http://doi.org/10.1016/j.optcom.2014.05.072
http://doi.org/10.1364/OME.8.001441
http://doi.org/10.1364/OE.25.020654
http://www.ncbi.nlm.nih.gov/pubmed/29041744
http://doi.org/10.1364/OSAC.1.000783
http://doi.org/10.1364/OE.27.019583
http://www.ncbi.nlm.nih.gov/pubmed/31503716
http://doi.org/10.1016/j.optmat.2020.109992
http://doi.org/10.1364/AO.58.008622
http://doi.org/10.1016/j.optcom.2013.06.012
http://doi.org/10.1364/OE.18.006447
http://doi.org/10.1364/OE.17.018279
http://doi.org/10.3390/polym12040816
http://doi.org/10.1088/1361-6528/aaf070
http://doi.org/10.1088/1464-4258/11/2/024012
http://doi.org/10.1364/OE.26.001072
http://www.ncbi.nlm.nih.gov/pubmed/29401980
http://doi.org/10.1016/j.optcom.2014.05.071
http://doi.org/10.1088/1464-4258/4/4/304
http://doi.org/10.1364/AO.41.003427
http://www.ncbi.nlm.nih.gov/pubmed/12074514
http://doi.org/10.1063/1.364378
http://doi.org/10.1364/OE.19.013787
http://www.ncbi.nlm.nih.gov/pubmed/21934739
http://doi.org/10.1088/1674-1056/20/11/114217
http://doi.org/10.1016/j.optcom.2011.02.055

	Introduction 
	Materials and Methods 
	Materials and Preparations 
	Holographic Setup 

	Results and Discussion 
	Theoretical Analysis on Dark Diffusion Enhancement Process (DDEP) 
	The Dark Diffusion Enhancement Process (DDEP) in TI/PMMA Polymers with Consecutive (Long-Time) Exposure 
	Dark Diffusion Enhancement Process (DDEP) in TI/PMMA Polymers with Short-Time Exposure 

	Conclusions 
	References

