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Development of Photopolymer Material with Improved Dynamic Range
and Sensitivity
Brian Rogers, Suzanne Martin, Izabela Naydenova
Dublin Institute of Technology, Ireland
Abstract:
In this study the effect of the concentration of acrylamide and the influence of different initiators in a photopolymer
composition for holographic recording of diffraction gratings is investigated. Light manipulating Holographic
Optical Elements (HOEs) have a number of characteristics which can be optimised for different roles. However, at
the core of these devices is the refractive index modulation that has been created in the material during recording.
Typically higher refractive index modulation will enable greater diffraction efficiency. Solar concentrating HOEs
can particularly benefit from material that experiences higher refractive index modulation. For a solar concentrator
to have a high acceptance angle thinner photopolymer layers are preferable. Thinner layers can lead to a reduction of
the device’s diffraction efficiency unless the refractive index modulation increases to compensate.
This paper presents an optimisation of a photopolymer formulation for improved refractive index modulation and
sensitivity of the layer. An increase in the acrylamide concentration of 66% resulted in 50% higher refractive index
modulation with values reaching 5 × 10−3 in 40 micron layers.
Faster recording times are an important consideration for the commercialization and mass production of
photopolymer devices [1]. Higher production rates and lower costs are some of the main advantages. Altering the
initiator is expected to have an effect on the material’s sensitivity and thus on recording time.
Several initiators were compared, triethanolamine (TEA), methyldiethanolamine (MDEA) and
dimethylethanolamine (DMEA). It was found that holograms recorded with MDEA as the initiator recorded 58%
faster over TEA based photopolymer at larger layer thicknesses.
The stability of the photopolymer was also tested with different protective coatings when subjected to UV light. The
properties exhibited by this photopolymer composition make it a promising candidate for development of solar
concentrating applications; however improvements to the durability in conditions of UV radiation will have to be
made before it is suitable for solar concentration.
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1. Introduction:
Holographic devices recorded using photopolymer are diffractive devices capable of fulfilling the role of a number
of refractive optical devices such as lenses, beam splitters and mirrors [2]. These devices have a number of
advantages over their traditional refraction based counterparts. They are lightweight, only a few tens of microns
thick and are capable of fulfilling their device role with near 100% efficiency. They are also mass-producible and
low-cost making them ideal for mass manufacturing [1].
Photopolymers still face a number of challenges when it comes to optimising certain devices and mass production.
Solar concentrating holographic devices should ideally have a low angular selectivity and a high durability, this
allows for solar concentration at any angle without the use of solar tracking, and reduces the need to be replaced as
frequently. To achieve this, a high dynamic range photopolymer material capable of withstanding constant UV
radiation and temperature variations is required. The sensitivity of the material is also an important consideration
when it comes to mass production. The faster the holographic device can be recorded the larger the potential output
of devices.
The chemical composition of the photopolymer material is responsible for its recording properties. Changing the
ratios of one compound to another can have significant effects on the photopolymer’s performance. This work looks
to optimise the chemical composition of the photopolymer in order to achieve the best preforming formulation. Two
aspects of the photopolymer were changed, the monomer concentration and the initiator molecule. Both the
monomer and initiator were previously found to have effects on the dynamic range and sensitivity of the
photopolymer [3][4].
Changes to the concentration of the acrylamide monomer were made; this was found to have effects on both the
recording time and the final refractive index modulation. An optimal concentration was determined in order to
maximise both recording time and refractive index modulation.
Three initiator molecules were investigated, triethanolamine (TEA), methyldiethanolamine (MDEA) and
dimethylethanolamine (DMEA). Previous studies show that the initiator molecule had effects on the bleaching rates
of photopolymer [3]. MDEA was shown to have a faster bleaching time than TEA. In this study we aim to show that
this faster bleaching rate revealing a faster interaction of the dye molecules with the initiator can extend to
holographic recording. DMEA was also included in this study for its chemical similarity to TEA and MDEA as
shown in the figure below.

Figure 1: Structure of a) TEA, b) MDEA and c) DMEA.
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2. Theory:
2.1 Properties of Photopolymer:
Photopolymer is a photosensitive material which polymerises in the presence of light with suitable energy. There are
several components of the photopolymer which make this possible. Photopolymer consists of a binder, dye, initiator,
monomer and cross-linker. The dye absorbs energy from the light and enters an elevated energy state, in this state it
interacts with the initiator molecule and thus producing a free radical. This free radical then interacts with a
monomer molecule which will in turn interact with more monomers to form a polymer chain. The cross linker
allows large polymer chains to interact and form a single larger chain. Its main role is to immobilise the produced
photopolymer chains and thus make them more stable. The binder matrix stops the polymer chains from diffusing
once they have formed. Figure 2 below shows how this process occurs.

Figure 2: Photopolymer reaction process.

2.2 Regimes of operation of holographic gratings:
Holograms can operate in different regimes depending on the thickness, refractive index modulation and fringe
spacing of the hologram. There are 2 main modes of operation, as thin and thick holograms. In solar concentrating
holograms it is most common to work in the regime of thick holograms. This is because only thick holograms can
achieve 100% diffraction efficiency in sinusoidal gratings. The Q-factor of a hologram is one method of determining
what regime one is working in, it is described as follows[5]:
𝑄=

2𝜋𝜆𝑑
𝑛0 𝛬 2

(1)

Where 𝜆 is the recording wavelength, d is the thickness, 𝑛0 is the refractive index and 𝛬 is the fringe spacing. In
general Q values greater than 10 are considered to be in the thick regime while values less than 1 are considered thin.
Hologram thickness however affects the angular selectivity of the device. Thicker holograms are more angularly
selective, to achieve less angularly selective holograms thinner holograms must be used and so the refractive index
modulation must increase to compensate for the loss in diffraction efficiency. The angular selectivity is also
dependant on the fringe spacing.
The angular selectivity follows the form of a Bragg curve as in figure 3a) below. For unslanted gratings, the angle
between the peak and minima can be given by equation 2.
Δθ ≈

𝛬
d

(2)

Where d is the thickness and 𝛬 is the fringe spacing.
For solar concentrating devices a balance must be kept to stay in the thick regime but also have a small angular
selectivity.
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Figure 3: a) Example Bragg curve (left) and b) real time growth curve (right).Both samples were 45 +
−5 microns thick recorded
with a combined beam intensity of 5 mW/𝑐𝑚2 .

In order to experimentally determine the refractive index modulation of the hologram Kogelnik’s theory [6] shown
in equation 3 below was used.
𝛥𝑛 =

sin−1 √𝜂 cos(θ)λ
𝜋𝑑

(3)

Where 𝛥𝑛 is the refractive index modulation, θ is the Bragg angle of incidence of the probe laser beams, λ is the
wavelength of the probing laser beam, d is the thickness of the photopolymer layer and 𝜂 is the diffraction
efficiency.
Equation 2 can be used to find the thickness from the Bragg curve of a hologram. The diffraction efficiency can be
found in real time recordings of the grating formation as in the example below.
When determining rate of grating formation the slope of the linear section of the graph was used. For example, in
figure 3b) above the time between 1 and 6 seconds was used.

3. Materials and methods:
3.1 Materials
Several photopolymer solutions were prepared using various concentrations of acrylamide.
First a PVA stocksolution (9% wt) was prepared by dissolving 10 g of PVA in 100 ml of deionized water under
constant stirring at 50⁰C. The solution was then poured through filter paper. A dye stock solution was also prepared
by dissolving 0.11 g of Erythrosine B in 100 ml of deionized water.
The photopolymer was prepared by mixing 4.38 ml of the PVA solution, 1 ml of the dye solution, 0.5 ml of TEA
initiator, 0.05 g of N, N’ Methylene bis-acrylamide cross-linker and acrylamide. Four masses of acrylamide were
used to prepare different solution concentrations, 0.15 g, 0.20 g, 0.25 g, and 0.3 g. These masses produced solutions
with an acrylamide concentration of 0.355, 0.474, 0.592 and 0.711 M respectively.
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Extensive previous studies investigate formulation which uses 0.15 g of acrylamide [4]. All changes are compared to
this previously studied formulation..
A pipette was used to spread between 300 mL- 500 mL depending on the desired thickness of photopolymer onto
glass microscope slides with an area of 75 x 25 mm2. The samples were left to dry overnight.
For the initiator tests the photopolymer was prepared in the same way as outlined above, using the optimal
acrylamide concentration. In order to keep the concentration of initiator in moles the same in each solution 0.430 mL
of MDEA and 0.375 mL of DMEA was used. Figure 4 below shows how keeping the initiators equal molar
concentration effects the mass distribution of each compound in the photopolymer.
The samples were prepared identically to the previous section, using a pipette to spread 300 mL – 500 mL of
solution onto a microscope slide.
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34%
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BA
4%
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A
38%
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AA
21%
BA
4%
PVA
37%
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23%
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Figure 4: Mass distribution of all materials used to investigate the effect of initiator when initiators are equal concentration in
moles.

3.2 Methods:

Figure 5: Holographic recording and real time monitoring set up.

The set up in figure 5 was used to record volume diffraction gratings in the samples. After opening a shutter the 532
nm beam passes through a half wave plate followed by a polarising beam splitter. One beam is spatially filtered,
collimated and directed towards the sample using a mirror. The other beam travels through another half wave plate,
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then spatially filtered and collimated. This system allows the intensity of both beams to be controlled and made
equal. The two beams meet at the sample where holographic recording takes place. The 633 nm probe beam is
incident on Bragg angle and the beam diffracted in the first order of diffraction is incident on a power meter where
the grating formation is tracked in real time using a computer. The samples were recorded at 800 lines/mm with a
combined beam intensity of approximately 5 mW/𝑐𝑚2 . After the samples were recorded a Bragg curve of the
hologram was taken using a computer controlled rotating stage on which the sample was placed.

4. Results:
4.1 Refractive index modulation comparison:
Before the refractive index modulation photoinduced in layer of different initiators was compared, the concentration
of acrylamide was optimised in TEA based photopolymer. Figure 6 below shows the dependence of refractive index
modulation on acrylamide concentration.
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Figure 6: Refractive index modulation vs acrylamide concentration in 45 +
−5 micron thick layers with a recording intensity of 5

mW/𝑐𝑚2
An acrylamide concentration of 0.59 M proved to have the largest refractive index modulation on average. This is
the concentration used while comparing the effects of the initiators.
4.2 Initiator comparison at different thicknesses:
Firstly it is important to note the quality of the photopolymer layers when prepared with different initiators. TEA and
MDEA layers dried normally and formed uniform layers. DMEA however, due to its high vaper pressure,
evaporated and formed non-uniform layers capable of only limited holographic recording. Therefore only TEA and
MDEA will be compared.
A comparison between the refractive index modulation was made at several different thicknesses in TEA and
MDEA based photopolymer. These can be compared in the figure below:
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Figure 7: Refractive index modulation at different thicknesses with TEA (red) and MDEA (blue) as initiator.

Figure 7 shows there is little difference in refractive index modulation between initiators (within the experimental
error), this is true across a range of thicknesses. On average the MDEA based photopolymer has a 2.7% higher
refractive index modulation.
This similarity in refractive index modulation makes MDEA as viable as TEA as an initiator with the added bonus of
increased growth rates at higher thicknesses. The point marked by the X shows the refractive index modulation of
the photopolymer before acrylamide optimisation in TEA based photopolymer at a thickness of 42 microns.
4.3 Grating formation rates:
The rate of formation of holographic gratings was determined at different thicknesses of photopolymer. The
difference in this rate can be seen in figure 8 below. The point marked by the X shows the original formulation’s rate
of formation at a thickness of 42 microns before any acrylamide optimisation.
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Figure 8: Rate of formation of holographic gratings using TEA (red) and MDEA (blue) as initiator.

When looking at the rate of change of grating formation rates across thicknesses, MDEA based photopolymer’s
growths rates increase 4 times more than TEA based photopolymer does as thickness increases. This means MDEA
based photopolymer performs similarly to TEA at low thicknesses, however, the thicker the MDEA based
photopolymer is the better it will perform in comparison to TEA. This is likely due to the rate of diffusion of the
molecule; MDEA is a smaller molecule with fewer hydrogen bonds than TEA, this would make MDEA more free to
move than TEA. This increased diffusion could be responsible for the increased formation rates.
4.4 Preliminary UV results:
Samples made with the optimal concentration of both acrylamide and MDEA were subject to UVA radiation of 60
𝑚𝑊/𝑐𝑚2 . Figure 9 shows the degradation caused by the radiation on a hologram coated with UV protective plastic
after 40 hours of exposure. The broadening of the Bragg curve and decrease in diffraction efficiency would imply
that the UV radiation caused shrinkage in the layers. The shrinkage reduces the effective thickness of the hologram;
thickness affects both the diffraction efficiency and angular selectivity, since the thickness is reduced both the
diffraction efficiency and angular selectivity are reduced.
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Figure 9: Bragg curves of MDEA sample coated in UV protective plastic before (green) and after (blue) 40 hours of UVA
exposure.

5. Conclusions:
The optimisation of the acrylamide concentration led to an increase of refractive index modulation of 45%. The rate
of formation of the holographic gratings was also increased by a factor of 4.3 when compared to the standard
formulation. When MDEA and TEA are compared at different thicknesses MDEA was shown to out-perform TEA
as an initiator at higher thicknesses. Preliminary UV radiation tests show a decrease in diffraction efficiency when
exposed at high intensities for long periods, thus further measures to stabilise the composition under UV exposure
will need to be taken.
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