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Abstract

The technologies based on holographic and photonic techniques related to the optical
storage and optical processing of information are rapidly evolving. One of the key
points of this evolution are the new recording materials able to perform under the most
specific situations and applications. In this sense, the importance of the photopolymers
is growing spectacularly. This is mainly due to their versatility in terms of composition
and design together with other interesting properties such as self-processing capabili-
ties. In this chapter, we introduce the diffractive optical elements (DOE) generation in
these materials and some of the most important parameters involved in this process. The
deep knowledge of the material is essential to model its behavior during and after the
recording process and we present different techniques to characterize the recording
materials. We also present a 3D theoretical diffusion model able to reproduce and
predict the experimental behavior of the recording process of any kind of DOE onto the
photopolymers. The theoretical results will be supported by experimental analysis using
a hybrid optical-digital setup, which includes a liquid crystal on silicon display. Besides
this analysis, we study a method to improve the conservation and characteristics of
these materials, an index-matching system.
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1. Introduction

The holographic recording materials are traditionally used to record holograms, and they have
been mainly studied and characterized for holographic applications [1–3]. Along with the
evolution of photonics, communications and optical processing of information, the relevance,
and capabilities of these materials to store any kind of phase or amplitude diffraction pattern,
with good results also for low spatial frequencies, are surfacing [4–6]. At this point, the
complete characterization of these materials for low spatial frequencies is decisive to design a
material with the optimum characteristics for each specific application [7, 8].

The holographic recording materials change their properties when they are exposed to the
light, and there are many examples of them, for example, the photographic emulsions [9],
photochromic materials [10], dichromated gelatin [11], photorefractive materials [12], or pho-
topolymers [13].

The last ones, photopolymers, are a very promising option, for example, for the development
of holographic memories due to its high resolution and fidelity. The use of this recording
material has spectacularly been increased because of its versatility at the time of changing their
composition or design [14]. Moreover, they present high reliability, repeatability, and flexibility
together with their tunable thickness, self-processing capabilities, and low cost. It is undeniable
how those features set the photopolymers as one of the best holographic storage media and a
good option for applications inside the diffractive optics and optical processing fields.

In these fields, one of the main drawbacks to be faced is the conservation of the element
recorded into the photopolymer. In this sense, along this chapter, we will study the effects
and improvements added by a coverplating together with an index-matching system. This
system not only improves the lifetime of the material but also affects to the molecules diffusion
inside the material.

2. Overview of the materials and DOE recording process

2.1. The recording materials

A photopolymer is a formulation based in an organic polymer sensitive to the light of certain
wavelength. The basic formula is made of a sensitizer dye, an initiator to generate free radicals
and one or more polymerizable monomers. These components are disposed in a matrix
composed of a polymer such as poly(vinyl alcohol) (PVA), sodium polyacrylate, or vinyl
chloride (PVC).

The basic way to record a DOE into a photopolymer, a phase media, is by refractive index
modulation between the polymerized and nonpolymerized areas, which correspond to illumi-
nated and nonilluminated areas, respectively [15].

A great variety of these materials can be developed based on a given monomer, a support
matrix, a dye, and the rest of the components of the solution. These components and their
concentration will affect the final properties of the photopolymer, as well as its applications.
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The main factor is the binder, because it will determine the range of monomer, dye, and
initiator to be used in the final compound.

In this chapter, all the results presented are based on three different materials: one of the most
studied photopolymers, based on PVA and acrylamide (AA) as main monomers, which has
demonstrated its high linearity and fidelity working in low- and high-spatial frequencies [4, 5].
Despite these good characteristics, the main drawback of this material is its high toxicity,
mainly given by AA, which is known to be carcinogenic since many years. Also, it is known
that the low environmental compatibility in terms of the low biodegradability of the devices is
made of this material [16]. In this sense, our research group has developed a biocompatible
photopolymer, called Biophotopol [17], which use sodium acrylate (NaAO) as a main mono-
mer and has demonstrated to have a great dynamic range and high sensitivity together with its
high biocompatibility and the main properties of the photopolymers such as the self-processing
capabilities and low cost.

The third material used, polymer dispersed liquid crystal (PDLC), demonstrates how the
versatility of the photopolymers can be improved by the inclusion of new components, like
nanoparticles or dispersed liquid crystal (LC) molecules, in their formula [18, 19]. In this case,
thanks to the addition of LC molecules, it is possible to fabricate polymers that change their
optical properties by means of an external stimulus, in this case an electrical field. A hologram
can be recorded into the material and then modulate its DE on real time thanks to the electrical
field applied. The formulations of the different materials are shown in Table 1.

2.2. The photopolymerization reaction

The photopolymerization reaction (Figure 1) starts when the photopolymers are illuminated
by light of certain wavelength, and the monomer starts to polymerize, causing a shrinkage on
the illuminated areas, increasing the refractive index and decreasing the monomer concentra-
tion of these areas. This chemical compound gradient of the monomer, dye and radical gener-
ator causes a diffusion of the different components from the areas where the concentration is
high, “dark areas” to the areas where the concentration has decreased, the “illuminated areas.”
This diffusion causes a decreasing of volume in the dark areas, and therefore, the volume of the
illuminated areas is increased by incoming molecules, counteracting the shrinkage due to the
polymerization process.

Material: PVA/AA-based photopolymer

TEA (ml): 2.0 PVA (ml) (8%, w/v): 25 AA (g): 0.84 BMA (g): 0.2 YE (0.8%, w/v) (ml): 0.6

Material: Biophotopol

PVA (8%, w/v): 15 NaAO (M): 0.34 TEA (M): 0.15 PRF (M): 1.00 � 10�3

Material: PDLC (wt%)

DPHPA: 48.8 BL036: 29.2 YEt: 0.1 NPG: 1.5 NVP: 16.4 OA: 4.4

Table 1. Formulation of different photopolymers used.
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The simplest DOE that can be recorded into a photopolymer is the sinusoidal profile, which
can be obtained by the interference of two plane beams, controlling the period of the grating by
changing the angle between the two beams. To record more complex DOE, it is necessary to
control the shape of the incident beam to generate the desired profile. Nowadays, the advances
on the spatial light modulators (SLMs) based on liquid crystal on silicon (LCoS) displays,
thanks to the microelectronics technology, are allowing the production of commercial devices
with resolutions higher than 4094 � 2464 (4 K) in the same size that of a conventional LCD
screen. The use of this device in the optic setups allows the recording of an enormous variety of
different complex DOEs with an active control of the function displayed by the LCD screen
through a computer.

Figure 1. Representation of the formation of the hologram in a photopolymer.
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These complex profiles may suffer a smoothing of the profile due to different factors such as
the cutoff frequency of the optical system, the cross talk between pixels, the finite size of the
polymer chains, the diffusion of the monomer or the nonlinearity of the recording process. This
deviation from the ideal profile depends on the R parameter, which indicates the relative
importance of the photopolymerization with respect to the monomer diffusion:

R ¼ DK2
g

FR
(1)

where D is the monomer diffusivity, FR is the polymerization rate, and Kg is the grating
number, related with the grating period Λ by means of Kg = 2π/Λ. At the time of modeling the
behavior of these materials, there are many other parameters involved in the phase image
formation process to consider, starting by the intensity and the fringes visibility, V. The impor-
tance of these parameters is analyzed by the relationship between polymerization rate and
incident intensity.

FR tð Þ ¼ kR tð Þ � Iγ x; z; tð Þ ¼ kR I0 1þ Vcos Kgx
� �� �

e�α tð Þz
� �γ

(2)

The kR(t) factor is the polymerization parameter, which indicates the speed of the photochem-
ical reaction that takes place in the material and depends on the concentration and type of the
substances involved and their media, I(x,z,t) is the recording intensities’distribution, exponen-
tially attenuated with depth due to the dye absorption (Beer’s law [20]), α indicates this
absorption (it decreases when the dye is consumed), V is the fringes visibility (typically 1),
and γ represents the relationship between the polymerization rate and the recording intensity.
This parameter usually takes values between 0.5 and 1, corresponding the value 0.5 to more
liquid polymerizable systems and 1 to more solid systems.

To model the three-dimensional behavior of the monomer and polymer volume fractions, m
and p, respectively, the following general equations can be used, where φ(m) and φ(p) are the
monomer and polymer concentrations, respectively:

∂φ mð Þ x; z; tð Þ
∂t

¼ ∂
∂x

Dm tð Þ ∂φ
mð Þ x; z; tð Þ
∂x

þ ∂
∂z

Dm tð Þ ∂φ
mð Þ x; z; tð Þ
∂z

� FR x; z; tð Þφ mð Þ x; z; tð Þ (3)

∂φ pð Þ x; z; tð Þ
∂t

¼ FR x; z; tð Þφ mð Þ x; z; tð Þ (4)

where Dm is the monomer diffusion inside the material, which decreases with time. To solve
these differential equations, there are different methods. In the recording model used through
this chapter, we have used the finite-difference method (FDM) to obtain a numerical solution.

Once we have measured the monomer and polymer concentrations, the refractive index of the
photopolymeric layer can be calculated as a function of the volume fraction variations of each
component using the Lorentz-Lorenz equation [21]:
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n2 � 1
n2 þ 2

¼ n2m � 1
n2m þ 2

φ mð Þ þ n2p � 1

n2p þ 2
φ pð Þ þ n2b � 1

n2b þ 2
1� φ m0ð Þ

� �
(5)

where φ(m0) is the average initial value for the monomer volume fraction, np is the polymer
refractive index, nm is the monomer refractive index, and nb is the support matrix refractive
index. These two last parameters can be measured using a refractometer, and the value of np
can be obtained through zero-spatial frequency measurement technique [22].

The linearity in the material response can be studied in very low spatial frequencies to avoid
the influence of the monomer diffusion in the diffractive image formation; the R parameter,
described in Eq. (1), takes values higher than the ones obtained in holographic regime due to
the high value of the spatial period.

The diffraction efficiency (DE) of the different diffracted orders in Fraunhofer domain is given
by the Bessel functions [23]. Figure 2 shows the behavior of the main four diffracted orders as a
function of the phase shift. The comparison of this figure and the DE results obtained for
certain material gives an approach of the linearity in the response of the material.

2.3. Influence of the index matching

As we mentioned in Section 1, one of the main drawbacks of the photopolymers is their
conservation. In this sense, the inclusion of an index-matching system and coverplating not
only improves the lifetime and conservation of the materials, but also allow us to measure the
internal monomer diffusion [24]. This index-matching system allows us to clarify how the fast
changes are measured in uncovered layers. Therefore, some authors observed in PVA/AA
materials some fast changes on the surface [4]. They fitted this monomer diffusion around
10�7 cm2/s. Some years late, Close et al. [25], using a coverplating and index-matching agent to

Figure 2. Diffraction efficiency of the main four orders of a sinusoidal grating as a function of the phase depth.

Recent Research in Polymerization166



avoid the surface changes, measured the monomer diffusion inside the material around
10�10 cm2/s. They also obtained the diffusion of other substances such as acetone inside the
material, which lead us to make a distinction between the “apparent” diffusion of the surface,
the first one, and the “real” diffusion, the internal monomer diffusion, the second one.

The thickness variations of the material play an important role in the DOEs formation at very
low spatial frequency recording [5]. In DOEs recorded in materials without index matching,
the transmitted beam has the information of the thickness and refractive index modulation
mixed. By using the index-matching system (Figure 3), it is possible to study separately the
changes produced by the refractive index variation. To achieve the index matching, we must
choose a liquid with a refractive index very close to the mean of the polymer refractive index

Figure 3. Diagram of a DOE recording using index-matching system. The so-called “apparent” diffusion is due to the
recovering surface changes and the “real” diffusion is due to the internal monomer motion.
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and not soluble with the photopolymer. When the shrinkage due to the polymerization takes
place, this liquid will fill up the holes generated in the surface of the material, minimizing the
diffractive effects due to the relief structure.

The value measured for uncovered layers due to this “apparent” diffusion is around 10�7 cm2/s,
which is not a suitable value to record complex DOEs with sharp profiles, due to the fast mass
transfer, which produces a smoothening of these sharp profiles. For index-matched samples; this
value is around 10�11 cm2/s, suitable for complex structures recording. Thanks to the reduction
of the mass transfer produced by the sealant, it is possible to record sharp profiles with insignif-
icant smoothening of the profile.

2.3.1. Characterization of the different materials

To analyze the effects of this index-matching system, we use the setup shown in Figure 4; in
this setup, we can distinguish two beams, the recording beam, provided by a solid-state Verdi
laser (Nd-YVO4) with a wavelength of 532 nm (green light), at which the material exhibits
maximum absorption, and the analyzing beam, provided by a He-Ne laser at a wavelength of
644 nm, at which the material is not sensitive.

The DOE to be recorded is provided by an LCoS SLM, placed along the recording arm of our
setup and sandwiched between two polarizers (P), oriented to produce amplitude-mostly
modulation. To obtain a linear response for each level of gray and good contrast, this device

Figure 4. Experimental setup used to record and analyze in real time the DOEs formation on the photopolymers. Di,
diaphragm; Li, lens; BS, beam splitter; SFi, spatial filter; LP, linear polarizer; and RF, red filter.
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was characterized using the model proposed in [26]. Then, a 4F system images the intensity
distribution generated by the SLM onto the recording material. The intensity of the recording
beam is 0.25 mW/cm2.

The analyzing arm, which allows us to study on real time the grating formation onto the
photopolymer, was designed to collimate the light incident on the recording material, and a
diaphragm (D1) was used to limit the aperture of the collimated beam. A nonpolarizing beam
splitter (BS) split the beam in two within the same path. A red filter (RF) was placed behind the
recording material to ensure that only the analyzing beam is incident on the CCD camera
placed at the end of the setup. To separate the different diffraction orders, we placed a lens
behind the material, obtaining the Fraunhofer diffraction pattern on the camera.

In Figure 5, the experimental DE of the four main orders for a sinusoidal grating with spatial
period of 168 μm is shown. The sample has a thickness of 85 μm.We made two experiments, one
without the coverplating and index-matching system (Figure 5a) and a second one using the
index-matching system and coverplating (Figure 5b). It is noticeable how for longer exposure
times, greater than 300 s, the phase modulation of both cases looks similar. In samples without
index-matching, the recorded phase grating can be understood as the superposition of two phase
gratings: a refractive index grating and a relief grating. It can be assumed that the effects of the last
one are weaker for long exposure times. At these times, the fast diffusion through the surface in
the uncovered sample has mitigated the effects of the relief grating. On the other hand, this relief
grating causes that, in the case of the nonindex-matched sample, the maximum DE is achieved
after 180 s, three times later that in the index-matched case. This is produced by the decrease in
the phasemodulation caused by the shrinkage, which is canceled at longer exposure times, as has
already been said. In the experiments carried out for gratings with different spatial periods, we
have observed that the behavior is similar. This is important for the recording of complex
elements with different spatial frequencies mixed in their shapes such as diffractive lenses.

For the holographic regime, the diffusion times are very short and they do not exceed 0.1 s,
which greatly hinders its measurement. Thus, to measure the species diffusion in frequencies
around 1000 lines/mm, it is necessary to use indirect methods. At very low spatial frequencies,

Figure 5. Experimental DE during recording of a grating with spatial period of 168 μm and thickness of 85 μm without
index-matching system (a) and with index-matching system (b).
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we can measure many diffracted orders to obtain information about the phase profile and its
evolution after recording due to the diffusion. An interesting experiment is to measure the
evolution of the DOE stored after recording. These variations are called in-dark evolution. In
Figure 6, it can be appreciated the in-dark evolution of a nonindex-matched sample and an
index-matched sample, exposing the sample during 50 s and shutting off the recording laser,
analyzing the post exposure evolution of the DOE. For the nonindex-matched samples, the
variation of the DEs is very fast in comparison with the index-matched ones. In the last case, it
is noticeable how the two first orders remain practically constant after recording. The fitted
values of the monomer diffusion in each case can be observed in Figure 7. We noted that the
phase depth, Δφ, becomes time independent after a time range, which goes from several
minutes to a few days after exposure. Taking this into account, it is possible to follow the

Figure 6. Experimental DE during 50 s recording of a sinusoidal grating of 168 μm in an 85 μm thickness index-matched
and nonindex-matched samples and the in-dark evolution.

Figure 7. Fitting of the experimental values after 50 s of recording time a nonindex-matched sample (a) and index-
matched sample (b).
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procedure of [27] to obtain the “apparent” diffusion of this kind of materials, which depends
on two variables: Λ, the grating period and τ, the characteristic time of monomer variation.

D ¼ Λ2

4π2τ
(6)

τ can be calculated by fitting the phase depth of the grating variation with time [6]. To obtain
this value, we can use Fick’s Law equation to describe species concentration after exposure and
the fitting of the temporal variation for Δφ:

φ ið Þ x; tð Þ ¼ φ ið Þ
f þ Δφ ið Þ xð Þexp �t

τ

� 	
(7)

Δϕ x; tð Þ ¼ VmΔφ avgð Þ xð Þ exp
�t
τ

� 	
� 1

� 	
(8)

where the species modulation generated inside the photopolymer is represented by Δφ(i)(x),
φf

(i) is the average value of the residual species concentration, and Δφ(avg) is the average for all
molecules. This corresponds to the point at which monomer diffusion eventually stops due to
a uniform monomer distribution. The molar volume of the monomer is represented by Vm and
tends asymptotically (in practice in some minutes) to the value:

Δϕ x; t ! ∞ð Þ ¼ �VmΔφ avgð Þ xð Þ (9)

Thus, Eq. (8) can be simplified as:

Δϕ x; t ! ∞ð Þ � Δϕ x; tð Þ ¼ Δϕ x; t ! ∞ð Þ exp �t
τ

� 	
(10)

And applying logarithm to both sides of the equation, we obtain:

ln Δϕ x; t ! ∞ð Þ � Δϕ x; tð Þð Þ ¼ ln Δϕ x; t ! ∞ð Þð Þ � t
τ

� 	
(11)

The only assumption is that Δφ is proportional to Δ(avg), which is reasonable for small polymer
concentrations.

In Figure 6, it can be seen how the slope of the linear fitting for the nonindex-matched sample is
almost two magnitude orders higher than the index-matched one. The diffusion measured for the
last one is 3.5� 10�10 cm2/s, within the expected values for these materials. On the other hand, the
“apparent” diffusion measured for the nonindex-matched sample is 1.6 � 10�8 cm2/s. The differ-
ences between using or not the index-matching system are clear together with this separation
between “apparent” and “real” diffusion. Using this index-matching system, it is possible to
get a phase depth of 2π for PVA/AA samples of 105 μm without using any crosslinker. To get
this, 2π phase depth modulation is very important as is needed by many applications related
to the complex DOEs recording, such as blazed gratings or diffractive lenses [29, 30].
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One of the methods to increase the phase depth is the inclusion of a crosslinker monomer. The
role of this component is to increase the chain length and compaction by linking the polyacryl-
amide chains between them. Therefore, the polymerization rate, shrinkage, and refractive
index are increased [30]. With the use of a crosslinker, it is possible to get the 2π phase depth
in samples around 85 μm. In Figure 8, the effects of using N,N0-methylene-bis-acrylamide
(BMA) as a crosslinker agent in the PVA/AA photopolymer formulation is shown. Comparing
this figure with Figure 2, it is noticeable that the phase depth of 1.4�2π is reached after 200 s of
exposure time in a sample of 95 μm thickness, a value substantially lower than the 105 μm
needed for materials formulated without this crosslinker. Therefore, including agents such as
BMA can drastically improve the material properties at very low spatial frequency recording.

The same analysis had been done for the Biophotopol green photopolymer, studying the effects of
the index-matching system. Due to the similarities between this material and the PVA/AA-based
one, Biophotopol also presents important relief structures formed during recording, avoiding the
separate study of the refractive index distribution generated by polymerization. We have also
studied the use of different crosslinker agents such as the already-mentioned BMA or the N,N0-
(1,2-dihydroxyethylene) bisacrylamide (DHEBA), a highly environmental compatible crosslinker,
which is also able to dissolve the NaAO, increasing the utility life of the samples up to 10 times,
preventing the monomer crystallization [31]. Figure 9 shows the experimental diffraction efficiency
of a Biophotopol + DHEBA sample. In general, the results obtained are very similar to the ones
obtained for the other photopolymers. In this case, the maximumphase depth obtainedwas around
1.4 π for a 90 μm sample. Therefore, assuming a linear behavior with thickness, a sample of around
128 μm will be required to achieve a phase depth of 2π. Regarding the monomer diffusion, the
values obtained were around 10�10 cm2/s, a bit slower compared to PVA/AAmaterial.

At this point, it is also interesting to show the capabilities of the PDLC material to work with
low spatial frequencies and develop tunable DOEs by means of an electrical field. The use of
this material is very common for holographic regime, where it presents a high value of
refractive index modulation providing DEs very close to 100% for optical thicknesses around
10 μm. The main drawback of this material is its high scattering. Regarding this factor, it is

Figure 8. Experimental DE for the recording of a sinusoidal grating of 168 μm during 200 s of exposure time in an AA/
PVA material with 95 μm thickness without the index-matching and coverplating system.
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important to remark that this family of materials is always enclosed between indium tin oxide
(ITO) glasses that make impossible to use the index-matching technique used in the other two
materials. Thus, in this case, it is impossible to distinguish between “real” and “apparent”
diffusion. The results obtained for the recording of a 168 μm period sinusoidal grating into a
30 μm thickness layer are shown in Figure 10. It can be seen how the phase depth of 2π can be
achieved, but despite this, the fast values of diffusion, around 10�8 cm2/s, together with the
impossibility to distinguish the internal monomer diffusion from the “apparent” one make its
selection difficult as a candidate to record low-frequency DOEs.

2.4. Simulation of the behavior of the materials

A model able to simulate the behavior of the material is a powerful tool to obtain the desired
material or illumination parameters to fabricate a particular DOE. We have already introduced
our recording model in Section 2.2. Based on the solving of the differential equations that

Figure 9. Experimental DE for the recording of a sinusoidal grating of 168 μm during 400 s of exposure time in an
Biophotopol + DHEBA material with 90 μm thickness.

Figure 10. Experimental DE for the recording of a sinusoidal grating of 168 μm during 600 s of exposure time in a PDLC
material with 30 μm thickness.
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represents the behavior of the monomer and polymer volume fractions, it is possible to predict
with fidelity how the different materials will behave during the DOEs recording. This model
also includes the effects of the holes produced in the surface during polymerization process
and analyzes both the hole and monomer diffusion separately [32].

Holes generation and its diffusion role in the model can be taken into account adding the
following equations to the previously introduced, in Section 2.2:

∂φ hð Þ x; tð Þ
∂t

¼ ∂
∂x

Dh tð Þ ∂φ
hð Þ x; z; tð Þ
∂x

� Kh x; tð Þφ mð Þ x; tð Þ (12)

where φ(h) represents the holes volume fraction and Kh is the holes rate generation, propor-
tional to FR, and Dh is the diffusion constant for holes. We assume that the holes are concen-
trated close to the surface, and their motion is along x direction, with the grating vector parallel
to x-axis.

To check the capability of the recording model to simulate both the recording process on the
material and the role of the sealant in this process, we recorded sinusoidal gratings in a PVA/
AA material. The results obtained were compared with the simulation results, introducing in
the model the parameters of the analyzed material. In Figure 11 both the experimental results
are shown that are compared with the simulation results of the DE of the main four orders of a
sinusoidal grating with a period of 168 μm recorded into a PVA/AAmaterial of 80 μmwithout
(a) and with index matching (b). In both cases, the good agreement can be appreciated
between the model and the experimental results. The results obtained are in line with the
results shown previously, and the index-matched sample takes less time to reach the maxi-
mum DE due to the mitigation of the effects produced by the thickness variations.

The model is also capable to faithfully reproduce the postexposure evolution of the material in
both index-matched and nonindex-matched samples. In Figure 12, it can be seen, apart from
the good agreement between experimental and simulation results, how for the nonindex-

Figure 11. Comparison between experimental and simulated results of the main four orders of DE as a function of time
for the recording of a sinusoidal grating of 168 μm in a PVA/AA material with 80 μm thickness, without index matching
(a) and with it (b).
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matched sample (a) the DE continues changing after shutting of the recording beam due to the
hole diffusion through the surface. These effects are not present in the index-matched sample
(b), in which the DE evolution stops with the shutdown of the laser.

3. Recording of complex DOEs

3.1. Recording of blazed gratings

The lower monomer diffusion shown by the materials with index-matching system together
with their capabilities of reaching 2π phase depth makes us able to explore the recording of
more complex DOEs. One of these complex profiles is the blazed grating, a sharp profile with
abrupt changes, which has many applications in communications and theoretically can reach
DEs of 100% [28].

Taking into account the previous results of monomer diffusion, we attempt to store this kind of
DOE in PVA/AA and Biophotopol materials. The value of D0 tested for PDLC materials avoids
the generation of sharp profiles on them. The recording model used is the one described in
Section 2.2. In this case, the light intensity distribution during the recording process can be
written as follows:

I ¼ I0
1

f s �Δx
þ 1

(13)

where fs is the period of the grating and I0 is the maximum recording intensity.

The experimental setup has been described previously in Section 2.3.1. We placed the CCD
camera in the material plane, and the image at this place and the intensity distribution of this
image are shown in Figure 13. This figure shows a smoothening of the abrupt edges of the
profile due to the low-pass filtering that the experimental setup introduces, especially due to

Figure 12. Comparison between experimental and simulated results of the postexposure evolution of the main four
orders of DE as a function of time for the recording of a sinusoidal grating of 168 μm in a PVA/AA material with 80 μm
thickness, without index matching (a) and with it (b).
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the diaphragm (D3) placed to eliminate the pixilation of the LCoS screen of the SLM. To
improve the accuracy of the recording model, we introduced this recording intensity on it so
that the model takes into account the low-pass filtering introduced by the experimental setup.

To analyze the response of the different materials and the capability of our model to predict the
behavior of these materials, we perform different period gratings recording. First, we simu-
lated the recording of this kind of DOE using our model to have an idea of the index-matching
influence in both materials for different periods. Once we had a theoretical idea of the influ-
ence of index matching and period, we compared the simulations with the experimental
results. Figure 14 shows the simulated and the experimental DEs of a blazed grating of
672 μm recorded in a PVA/AA photopolymer 90 μm thick and a 336 μm one recorded in a
Biophotopol photopolymer of 90 μm. It can be seen how the DE of the first order reaches a
maximum of almost 70% after an exposure time of 150 s in the PVA/AA photopolymer and
almost 55% in the Biophotopol one. Considering the low-pass filtering introduced by the
setup, these are good results because we achieved near the maximum value of DE achievable
taking into account this low-pass filtering. It is also noticeable that there is a good agreement
between the simulation and the experimental results. The lower value of DE obtained for
Biophotopol is due to the lower values of kr and np of this family of photopolymers and can

Figure 13. Image of a 672-μm blazed grating provided by the LCoS captured by the CCD at the material plane (a) and
intensity profile across a vertical line of this image (b).
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be increased using thicker samples or higher concentrations of crosslinker in the final solution.
For shorter period gratings recorded in the same kind of material, it is also appreciable a
reduction of the maximum DE reached. This is due to the higher influence of the low-pass
filtering at shorter spatial periods together with a higher diffusion.

In both cases and in the rest of the analysis carried out, the results present similarity indepen-
dent of the spatial frequency of the grating, showing the low influence of the monomer
diffusion at these spatial frequencies.

The recording model allows us to probe the capability of the materials to reach the 100% of DE
without considering the low-pass filtering introduced by the experimental setup. This simula-
tion is shown in Figure 15, where it can be seen how a DE of 100% could be reached for
PVA/AA-based material and a DE of 97% for the Biophotopol one. The low-pass filtering
introduced by the experimental setup means a reduction of over 20% of DE for both materials.
This value is achieved at less exposure time than in the experiments by both materials due to the
ideal recording intensity. It is also noticeable how in this ideal simulation, the PVA/AA-based

Figure 14. Comparison of the simulated and experimental DE of a 672 μm blazed grating recorded in a PVA/AAmaterial
(a) and a 336 μm blazed grating recorded in Biophotopol (b), both during an exposure time of 300 s.
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material takes less time to reach the maximum DE than the Biophotopol due to the differences in
np and kr.

3.2. Diffractive lenses

The capabilities of the materials working with a complex profile such as blazed gratings have
been proved obtaining near the maximum DE achievable taking into account the low-pass
filtering introduced by the setup. Also, the recording model has demonstrated its fidelity
reproducing the recording of this element in the different materials, with different spatial
periods and considering the index-matching system and low-pass filtering.

Going further, another example of complex DOE to evaluate the model and materials capabil-
ities is diffractive lenses. This DOE includes different spatial periods in its shape, being critical
to avoid the smoothening of the profile and to achieve similar behavior for the different spatial
periods.

The study of the recording of this kind of DOE has been made only for PVA/AA materials and
Biophotopol for the same reasons of the blazed gratings. It is also important to remark that it is
necessary to adapt the recording model to make it able to reproduce the cylindrical and
spherical lenses formation in these materials. The two-spatial dimension equation shown in
Section 2.2 can be applied to reproduce the cylindrical lenses behavior; nevertheless, it is
necessary to add a new dimension, the “y” variable dimension, to simulate the case of a
spherical lens recording [30]. Eqs. (3) and (4) remain as follows:

∂φ mð Þ x; y; z; tð Þ
∂t

¼ ∂
∂z

Dm tð Þ ∂φ
mð Þ x; y; z; tð Þ

∂z
þ ∂
∂y

Dm tð Þ ∂φ
mð Þ x; y; z; tð Þ

∂y
þ ∂
∂x

Dm tð Þ ∂φ
mð Þ x; y; z; tð Þ

∂x
�

� FR x; z; tð Þφ mð Þ x; z; tð Þ
(14)

∂φ pð Þ x; y; z; tð Þ
∂t

¼ FR x; y; z; tð Þφ mð Þ x; y; z; tð Þ (15)

Figure 15. Simulation results of the DE as a function of time for PVA/AA and Biophotopol materials without taking into
account the low-pass filtering introduced by the experimental setup.
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The recording intensity distribution is generated by the LCoS SLM in the amplitude regime,
which, as in the previously shown experiments, is projected on the material to generate the
corresponding phase element. This intensity distribution is defined in Eq. (16), where the
phase depends on the quadratic value of the distance between the point and the lens centrum.
This equation then is wrapped to 2π and normalized to the maximum value of intensity, I0.

= x; yð Þ ¼ exp j
π
λf

x2 þ y2
� �
 �

(16)

In this equation, f is the focal length and λ represents the light wavelength. The intensity
distribution of a 50 cm focal length lens generated using the SLM is shown in Figure 16.

The experimental setup used to record diffractive lenses is also the one already shown in
Figure 4, with the particularity that in this case, L5 is not present as the lens recorded into the
photopolymer is responsible for the focusing of the 633 nm wavelength beam. We imaged the
point spread function (PSF) generated by this lens onto the CCD camera, controlling the magni-
fication of the setup bymeans of the 4F system. The camera is also placed in the material plane to
evaluate the intensity pattern imaged on the material. The image taken at this plane and the
intensity profile across a horizontal line passing through the center of the lens are shown in
Figure 17. We can see the characteristic ring structure with a decreasing spatial period as we
move away from the center of the diffractive lens. Also, in the intensity profile image, it is
noticeable the improvement of the profile with respect to ones presented using a transmissive
LCD as SLM with a pixel size of 44 μm [33].

Using the recording model, it is possible to predict the refractive index distribution generated
by the incident beam modulated by the SLM. Once we had obtained this refractive index
distribution, we can apply the Fresnel propagation [34] to calculate the intensity distribution
as a function of time. Thus, we can analyze the focalization of the lens and the optimum
recording time to obtain a good focalization. In Figure 18, the results of the recording simula-
tion can be seen for the recording of a 50 cm diffractive spherical lens in a PVA/AA material

Figure 16. Horizontal cut of the theoretical intensity distribution of a 50 cm focal lens to be projected onto the photopoly-
mer by the SLM.
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with index matching compared to the experimental results, specifically the intensity at the
focal point as a function of time. At this point, it is important to add that the simulated
behavior exhibited by cylindrical and spherical lenses in the photopolymers used and different
focal lenses is similar. Thus, the results shown correspond to the spherical one. In the figure,
the good agreement is noticeable between the simulation and the experimental results,
together with the good focalization power of the lenses. The model is also capable to predict
the optimum recording time for the lenses in the different materials, as it will be shown in the
following figures, and the decrease in the focal intensity. This occurs when the exposure time is
longer than the optimum and the phase modulation overcomes 2π, as we chemically design
the materials to obtain phase depth saturation slightly higher than 2π for the physical thick-
ness used.

Thanks to the small pixel size of the LCoS screen of the SLM, it is possible to attempt to store
shorter focal lenses, for example, 13 cm, to study the influence of the focal on the lenses

Figure 17. Image provided by the LCoS SLM at the material plane captured by the CCD camera (a) and intensity profile
across a horizontal line passing through the center of the lens (b).

Figure 18. Intensity at the focal point as a function of time for a spherical lens f = 50 cm in a PVA/AA material of 95 μm.
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recording. Figure 19 shows the comparison between the simulation and the experimental
measurements of the intensity at the focal point as a function of time for two different focal
lenses recorded in Biophotopol material. In this case, there is also a good agreement between
the simulation and the experimental results. Both focal lenses present similar behavior than the
one exhibited by the lens recorded in PVA/AA material. The lens with shorter focal takes less
time to focalize, maybe due to the higher influence of the monomer diffusion.

3.2.1. Influence of the material parameters

At the beginning of the chapter, the importance of different parameters in the recording
process was remarked. One of the most important aspects of having a recording model that
takes into account many of these parameters is that we can study separately the influence of
each one of them in the final DOE recorded. In this section, we will discuss the influence of one
of these parameters, the internal monomer diffusion (D0), as a sample of the model’s capability.
The influence of other parameters, such as the relationship between intensity and polymeriza-
tion (γ) and the influence of the depth attenuation (α), can be consulted in Ref. [29]. We have
studied the variation of each one of these parameters keeping the rest constant. This gives us
the idea of which parameters are more important for the lens formation.

To check the influence of D0, we have simulated different lenses with a range of monomer
diffusivities from 3 � 10�8 to 3 � 10�11 cm2/s and studied how the diffusion affects in the focal
plane. Figure 20 shows the intensity at the focal point for different internal monomer diffusiv-
ities. In this case, the intensity at the focal point for the two smallest values does not show any
important difference. On the other hand, for both highest values of diffusivity, we appreciate a
clear variation as it was expected. The increase in the monomer diffusivity has influence for
these spatial frequencies for values higher than 3 � 10�10 cm2/s. Below this value, the influence

Figure 19. Comparison of the experimental results and the simulation of the intensity at the focal point for two different
focal lengths (13 and 60 cm) of diffractive lenses recorded in Biophotopol material of 140 μm thickness.
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is low in the lens formation. Therefore, we assumed that for the PDLC material presented in a
previous section, the results will not be as good as for the PVA/AA and Biophotopol materials.

4. Conclusions

In this chapter, we have presented a method to record low-frequency diffractive optical elements
into photopolymers. This process is influenced bymany parameters that we have introduced in a
three-dimensional diffusion model to predict the phase image formation. Using this model
together with different experimental measurements, we have developed an analysis of the
requirements needed to achieve a phase modulation range of 2π in different families of mate-
rials. The results show the effectiveness and versatility of the recording model used. Thanks to
this model, it is possible to predict the experimental behavior of the recording of any kind of
DOE in the different photopolymers. The effectiveness of the model was validated by the
experimental work carried out and based in the inclusion of an LCoS SLM. This device allows
us to store any kind of DOE selected dynamically and analyze the influence of the different
material properties during the recording.

Together with that, we have shown the effects of using the index-matching system, which
apart from improving the conservation and lifetime of the recorded DOE, let us differentiate
between the diffusion in the surface of the photopolymer and the internal diffusion. The lower
values of diffusion obtained in the index-matched materials can be exploited to record sharp
DOEs without significant smoothening of the refractive index profile.
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