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Abstract: Holographic transmission gratings with a spatial frequency of 2658 lines/mm and reflection
gratings with a spatial frequency of 4553 lines/mm were stored in a polyvinyl alcohol (PVA)/
acrylamide (AA) based photopolymer. This material can reach diffraction efficiencies close to 100%
for spatial frequencies about 1000 lines/mm. However, for higher spatial frequencies, the diffraction
efficiency decreases considerably as the spatial frequency increases. To enhance the material response
at high spatial frequencies, a chain transfer agent, the 4,4’-azobis (4-cyanopentanoic acid), ACPA,
is added to the composition of the material. Different concentrations of ACPA are incorporated
into the main composition of the photopolymer to find the concentration value that provides the
highest diffraction efficiency. Moreover, the refractive index modulation and the optical thickness of
the transmission and reflection gratings were obtained, evaluated and compared to procure more
information about the influence of the ACPA on them.
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1. Introduction

Photopolymers are materials whose main components are organic polymers, and they are mainly
characterized for being sensitive to light with a particular wavelength. The basic formulation includes a
sensitizing dye, an initiator which is a free radical generator, and one or more polymerizable monomers.
These components are placed in a binder such as polyvinyl alcohol, polyacrylate, polyvinylchloride,
etc. These types of materials absorb light of a certain wavelength that excites the dye and activates
the initiator. This substance generates free radicals, which react with the monomer to produce a
polymerization reaction. The polymer chains generated in the photopolymerization reaction are
responsible for the properties of these materials [1].

These materials have many applications, such as the manufacture of photonic lattice structures [2],
photo-curable resins [3] or polymer waveguides [4] among others. This work will focus on their
application as holographic recording materials.

Holography is an optical technique that allows the recording of an object wavefront (in amplitude
and phase) in the material and its reconstruction. The recording is performed through the interference
of the light beam coming from the object and a reference light beam. The interference of these two
beams produces a pattern formed by “bright” and “dark” fringes, which modify the holographic
recording material generating the hologram. Thus, the hologram is stored by means of the variation of
certain material properties. When the hologram is illuminated with the reference beam, an identical
wavefront to the object that was recorded is obtained.
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Obtaining holograms of three-dimensional objects has sparked great worldwide interest. Among
the different applications of holography, we can highlight holographic interferometry, which can
be used to obtain information from some material properties [5], the manufacture of lenses [6,7],
holographic optical elements (HOEs) [8-10] or data encryption [11].

However, one of the fields of holography that has had more importance in recent years is the
manufacturing of holographic memories [12-14]. Our society has gotten used to generating a huge
amount of information that must be processed and stored. One possibility to increase the storage
density is to use not only the surface but also the entire material volume, which is directly achieved
with holographic storage. If the stored objects are data pages, the holographic storage of all of them
constitutes a holographic memory.

To increase the amount of holographically stored data, it is necessary that the object bits are as
small as possible, so the material must be capable of resolving high spatial frequencies. However, the
diffraction efficiency in photopolymers decreases as the spatial frequency increases, since they cannot
resolve high spatial frequencies correctly [15]. For this reason, in this work, a chain transfer agent
named 4,4’-azobis (4-cyanopentanoic acid) (ACPA) is added to a polyvinyl alcohol (PVA)/acrylamide
(AA) based photopolymer in order to increase the diffraction efficiency of the recorded gratings when
high spatial frequencies are recorded in the material. In previous works, the proper functioning of
materials containing ACPA in their composition has been demonstrated. Ortufio ef al. [16] achieved a
low noise level in 900 um PVA/AA photopolymers, obtaining gratings with a maximum diffraction
efficiency above 85% by using ACPA. This had a great significance considering that it was the first
time that diffraction efficiencies as high as 80% had been obtained for 900 pm PVA/AA photopolymer
layers. This result is due to the effect induced by ACPA thanks to the small size of the polymer chains.
The photopolymer with ACPA has a high fraction of low molecular weight polymer chains, which
allow a better definition of the three-dimensional sinusoidal contour of the fringes in the diffraction
grating, thus leading to higher diffraction efficiencies. Moreover, the incorporation of ACPA has been
used to improve the stability of high spatial frequency diffraction gratings [15]. In this sense, the ACPA
improved the fixation of the gratings, since the composition with ACPA experienced a smaller decrease
of the diffraction efficiency after a curing process.

The standard photopolymer is composed by acrylamide (AA) as the polymerizable monomer,
triethanolamine (TEA) as radical generator, polyvinyl alcohol (PVA) as binder and yellowish eosin
(YE) as sensitizer. In addition, different concentrations of ACPA are incorporated into this composition
to analyze the response of the material when gratings with high spatial frequencies (2658 lines/mm
and 4553 lines/mm) are recorded in it. Once the diffraction efficiency is obtained, the experimental
values are fitted using the Couple Wave Theory [17] to obtain grating parameters such as the refractive
index modulation and the optical thickness, which provide an indicator of the grating improvement
with the incorporation of the ACPA into the photopolymer.

2. Chemical Process

The chemical processes that take place in the photopolymer materials are essentially initiation,
propagation and termination.

During the initiation process, the photopolymer is illuminated by a wavelength at which
the material is sensitive. Then, the initiator system formed by the dye and the radical generator
absorbs photons and produces free radicals, which are combined with the monomers present in the
photopolymer to generate chain initiators [18]:

18 oRe (1)
° ki °
R*+M =5 M®, )

where I is the initiator system, hv indicates the energy absorption from the photons, R* is the initiator of
free radicals, M is the monomer, k; is the chain initiation kinetic constant and M* is the chain initiator.
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During the propagation process, the chain initiators are bound to other monomer molecules to
form longer chains, i.e., a chain initiator M*®; is bound to a molecule M to form another longer chain
M?®5 and so on.

. kp .
M + M 5 M3
: 3)

k
M5+ M= My
where kj is the rate constant of propagation. Through the propagation process, a polymer chain
is generated.
During the termination process, the macro-radical chains of polymer are combined together to

finish the reaction according to the following equations:

LJ (] k C LJ
Mx + My = x+ys (4)
k
M; + My = My + My, ®)

where k;c and k;; are the rate constants of combination and disproportionation termination respectively.

Moreover, in this work an additional chemical process occurs as a result of the incorporation of
a chain transfer agent (CTA) in the photopolymer composition: the chain transfer mechanism. The
CTA produces a premature termination in the growth of macro-radicals in the propagation process
(M*®;) and generates a new radical A® that can start a new polymer chain by reacting with a monomer
molecule. The chain transfer reactions can be written as:

MS+ XA M, — X+ A ®)
A+ M5 oM @)

where XA is the CTA, A® is the new radical produced in the reaction and k¢, k, are the kinetic constants
of the processes.

Due to premature termination of the reaction (as a result of the presence in the material of the
CTA), the polymer chains stop growing and therefore chains become shorter. Moreover, thanks to
the generation of new radicals, other chains can be formed and thus the polymerization rate does
not decrease.

Therefore, the main effect to be achieved by introducing the CTA in the photopolymer composition
is to reduce the length of the polymer chains in order to improve the material response when high
spatial frequency gratings are recorded.

3. Materials and Methods

3.1. Preparation of the Material

The holographic gratings were recorded in a PVA/AA based photopolymer. The main
components of this material are AA as a polymerizable monomer, PVA as binder, TEA as radical
generator, and YE as sensitizer. The TEA and the YE establish the initiator system. Table 1 shows the
concentrations of the components for this photopolymer (C1).

Composition C1 provides diffraction efficiencies around 90% for holographic transmission
gratings recorded with a spatial frequency of 950 lines/mm [15]. However, when the spatial frequency
is increased in the same composition, the diffraction efficiency of the gratings is not above 5% for
gratings with a spatial frequency of 4600 lines/mm [15]. Therefore, it was decided to add the
ACPA as a CTA to composition C1, for which the main effect is a reduction in the length of the
polymer chain (as explained in Section 2) in order to improve the material response at higher spatial
frequencies. In order to optimize the composition and obtain gratings with maximum diffraction
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efficiency, four different concentrations of ACPA between 0.006 M and 0.015 M (C2 to C5 in Table 1)
were added to the photopolymer C1.

Table 1. Concentrations (C1, C2, C3, C4 and C5) of the photopolymer compositions.

Component C1 C2 C3 C4 C5
Polyvinylalcohol (PVA) 8.26% m/v 8.26% m/v 8.26% m/v 8.26% m/v 8.26% m/v
Acrylamide (AA) 0.44 M 0.44 M 0.44 M 0.44 M 0.44 M
Triethanolamine (TEA) 020 M 020 M 020 M 020 M 020 M
Yellowish eosin (YE) 24x1074M  24x107*M 24x10*M 24x107*M 24x107*M

4,4°-Azobis(4-cyanopentanoic

acid) (ACPA) - 0.006 M 0.009 M 0.012M 0.015M

To obtain the photopolymers with the compositions given in Table 1, a solution of PVA in water
was first prepared by heating, and once all the PVA had been dissolved, it was allowed to cool.
Simultaneously, a solution of AA and TEA was prepared in water. These two components were mixed
in the necessary proportions to obtain the concentrations of composition 1 (Table 1). Finally, YE was
added to the solution under red light, since the material is not sensitive at this wavelength. In the
case of the compositions C2 to C5 indicated in Table 1, the ACPA was also added to the solution and
stirred until it was completely dissolved. The mixture was then deposited by gravity on a glass plate,
and it was left in darkness for approximately 24 h to allow the water to evaporate. This process was
carried out at a temperature T = 20 °C and relative humidity RH = 40% in order to obtain samples
with a physical thickness of 100 + 5 pm. Layers with such physical thickness will be used to record
transmission and reflection gratings in the following sections. Figure 1 shows a photograph of the
sample that was used to store the gratings. Once dry, the glass was cut into squares of 6 cm x 6 cm.

Figure 1. Photograph of the photopolymer material after its manufacturing.

After manufacturing the material, the refractive index and the absorption spectrum were measured.

The refractive index of the material was measured through an Abbe’s refractometer, and a value
n = 1.506 + 0.003 was obtained for the compositions C1 to C5 indicated in Table 1. This refractive
index will be used to calculate the spatial period of the recorded gratings and the Bragg wavelength in
Section 3.2.

Figure 2 shows the transmission spectrum versus the wavelength for the materials given in Table 1.
The plot exhibits a minimum transmission (i.e., maximum absorption) at the wavelength A = 532 nm,
which is the recording wavelength of the laser. In the range between A = 570 nm and A = 650 nm,
the transmittance is at a maximum and thus the material does not absorb this range of wavelengths
or absorbs very little. The geometries for the grating recording and reconstruction were chosen so
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that the Bragg angle (in transmission geometry) or Bragg wavelength (in reflection geometry) would
appear in this non-absorbing spectral range (see Section 3.2.).
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Figure 2. Transmission spectrum of the unexposed photopolymer plate.

3.2. Holographic Setup

In this work, gratings with a spatial frequency of 2658 lines/mm were recorded with a holographic
transmission setup, whereas gratings with a spatial frequency of 4553 lines/mm were recorded with a
holographic reflection setup.

During the recording stage, in both setups, the object beam and the reference beam interfered
within the material impinging on it at an angle 0 with respect to the normal of the film plane. The laser
used in the recording stage was an Nd:YVO4 laser (Coherent Verdi V2) emitting a beam with a
wavelength of 532 nm, at which the material is sensitive (Figure 2). All the laser beams have linear
polarization perpendicular to the plane of incidence, which allows an optimal interference since the
interfering electric fields of the recording beams are parallel. The laser beam was split into two beams
with a beam-splitter, and the beams were expanded, collimated and directed to the material with the
elements showed in Figure 3a (transmission setup) and Figure 3b (reflection setup).
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‘ Laser He-Ne A, ,,:=633

Figure 3. (a) Experimental setup for transmission gratings; (b) experimental setup for reflection
gratings. Mi: mirrors, BS: beam splitter, Li: lenses, SFi: microscope objective lens and pinhole, Di:
diaphragms, 0,..,,4 is the angle with which the recording laser beams impinge in the material, 6,¢constr
is the angle with which the reconstruction laser beam impinges in the material.

The reconstruction stage is different for transmission and reflection holograms due to the geometry
of both holographic systems.

In the reconstruction of holographic transmission gratings, an He-Ne laser with a wavelength
of 633 nm was used because the material is not sensitive at such a wavelength, as it can be seen in
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Figure 2. The diffraction efficiency of the transmission gratings was defined as the ratio of the power
of the diffracted beam to the power of the incident beam. Furthermore, the diffracted beam and the
reconstruction beam have linear polarization perpendicular to the plane of incidence.

In the case of holographic reflection gratings, the diffraction efficiency in the reconstruction
stage was measured with a double beam spectrophotometer, which measures the photopolymer
transmittance versus the wavelength. Consequently, unpolarized white light at normal incidence upon
the sample was used in this case. The He-Ne laser could not be used to reconstruct the reflection
grating since the diffracted beam overlaps the reflected beam at the air-material interface because of
the symmetric geometry.

When the reflection grating is stored in the photopolymer, an additional peak located at the
Bragg wavelength appears in the transmittance curve, and this may be used to calculate its diffraction
efficiency. Once the transmittance is known, the diffraction efficiency (DE) is defined as the depth of
the transmittance peak and can be calculated from Equation (8) [19]:

Tp — Tpg
DE = . )
where T is the transmittance of the photopolymer layer without the recorded grating and Ty, is the
transmittance of the photopolymer layer with the recorded grating.

In the holographic transmission setup, a recording angle of 0,..,,4 = 45° was chosen to achieve a
spatial frequency as high as possible in this geometry. According to Bragg’s Law for the transmission
geometry (Equation (9)), a theoretical spatial period of Ay, = 0.3762 um which corresponds to a spatial
frequency (1/Ay;) of 2658 lines/mm was obtained with a recording wavelength of A,,co,y = 532 nm.
In the reconstruction stage, the wavelength used to reconstruct the grating was Ayeconst = 633 nm, which,
according to Equation (9), allowed for obtaining a reconstruction angle (in the air) 6,econstr = 57.3°.
This reconstruction angle is the Bragg angle, at which the maximum diffraction efficiency (DEp4x)
is obtained: \

Min = 2sind ©)

In the holographic reflection setup, a recording angle of 6,,.,,; = 63.3° was chosen to record
the gratings in this geometry. According to Bragg’s Law for the reflection geometry (Equation (10)),
a theoretical spatial period of Ay, = 0.2194 pm which corresponds to a spatial frequency (1/Ay;,) of
4558 lines/mm was obtained with a recording wavelength of A,y = 532 nm using a photopolymer
refractive index of n = 1.506 (Section 3.1). In the reconstruction stage, the stored hologram was
placed perpendicular to the spectrophotometer beam (0;econstr = 0°). Taking into account the previous
values for the refractive index, spatial period and reconstruction angle, we found that the diffraction
peak theoretically appears around a Bragg wavelength of 660 nm, at which the maximum diffraction
efficiency (DEpyj,y) is obtained. Consequently, such a diffraction peak does not overlap with the
absorption peak, as it is inferred from Figure 2:

A= — (10)

3.3. Fitting Procedure through Coupled Wave Theory
According to Kogelnik’s Coupled Wave Theory [17], the DE of a non-slanted reflection or

transmission grating is given by:
sin® («/v2 + Cz)

(]

DE = (11)
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where v and ¢ are obtained as:

w-An-d
U= 12
Aveconstr + COS (elreconstr) ( )
wT-d A
— in (6 _ “‘reconstr 13
¢ A - cos (elreconstr) |51n ( reconstr)| A (13)

In Equations (12) and (13), An is the refractive index modulation, d is the optical thickness, Areconstr
is the reconstruction wavelength, 0 veconstr is the reconstruction angle inside the sample (obtained
from Breconstr through Snell law), Ayeconstr is the reconstruction wavelength in the air, 7 is the average
refractive index of the sample and A is the grating period.

For transmission gratings, the DE is measured as a function of 6,econstr. Thus, knowing that the
average refractive index is n = 1.506 and that the reconstruction wavelength is Ayeconstr = 633 nm,
the parameters An, d and A are fitted through Equations (11)-(13). For reflection gratings, DE is
measured as a function of the reconstruction wavelength A,econstr. In this case, the known parameters
are the refractive index n = 1.506 and the reconstruction angle 6,econstr = 0°, from which An, d and A
are fitted through Equations (11)—(13).

3.4. Shrinkage Measurement Procedure

In hydrophilic materials like the one presented in this work, the evaporation of the water contained
in its composition can produce a volume reduction that leads to a change in the spatial period of the
grating. This phenomenon is known as shrinkage.

Evidence that a material has shrinkage occurs when the experimental period of the grating
recorded in the sample, A.yyp, is smaller than that defined by the geometrical conditions of the recording,
Ay, In other words, the material shrinkage induces a change in the fringe spacing AA = Ay, — Aexyp.
The experimental period of the grating Ay, can be obtained from the fitting of the experimental data
with the Coupled Wave Theory (detailed in the previous section).

Criante ef al. [20] define the shrinkage as the ratio between the shift of the spatial period that is
observed and the theoretical spatial period of the grating if there was not shrinkage, i.e.,:

S — Ath - Aexpl

A (14)

In Section 4, the shrinkage is calculated through Equation (14) for all the transmission and
reflection gratings presented in this work.

4. Results and Discussion

In this section, the results obtained from recording holographic transmission and reflection
gratings are presented.

Firstly, transmission gratings with a spatial frequency of 2658 lines/mm were recorded in the
photopolymers of Table 1 using the holographic setup of Figure 3a. The obtained results are presented
in Figure 4, in which each plot shows the experimental diffraction efficiency (DE) in percentage for the
different ACPA concentrations. The reconstruction angle is represented in the horizontal axis, and the
origin of the axes corresponds to the Bragg angle for the reconstruction wavelength, that is, an angle of
57.3° for a wavelength of 633 nm as was explained in Section 3.2. Moreover, the theoretical fit of the
experimental data with the Coupled Wave Theory [17], explained in Section 3.3., is represented with a
solid line in each plot. The experimental spatial period, Axp, the refractive index modulation Arn, and
the grating thickness d [21] are the grating parameters which can be extracted from the fitting.
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Figure 4. DE as a function of the reconstruction angle for transmission gratings stored with a spatial
frequency of 2658 lines/mm for the compositions given in Table 1, (a) C1 without ACPA; (b) C2
with C4cpa = 0.006 M; (¢) C3 with C4cpa = 0.009 M; (d) C4 with Cycp = 0.012 M; and (e) C5 with

Cacpa = 0.015 M.

The DE obtained with composition 1 without ACPA is represented in Figure 4a. The maximum
diffraction efficiency (DEp,y) that was obtained is 42%. A DEjpx of 57% was obtained with
composition 2 (ACPA concentration of 0.006 M), and it is represented in Figure 4b. A DEy;,, of 72%
was obtained with composition 3 (ACPA concentration of 0.009 M), which is represented in Figure 4c.
Figure 4d represents the DE obtained with composition 4 (ACPA concentration of 0.012 M), for which a
DEp,x of 82% was obtained. And finally, Figure 4e depicts the DE obtained with composition 5 (ACPA
concentration of 0.0015 M), for which a DE,, of 81% was obtained. Higher concentrations of ACPA
were tested, but the results were not included in this work since DE 1, was not improved.

For a better discussion and comparison of the obtained results, a summary of the main results
of Figure 4 is presented in Table 2. One of the main results is that the DE,, increases as the ACPA
concentration in the photopolymer increases, obtaining a DEj,, of 82% with an ACPA concentration
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of 0.012 M. From this concentration, DE,, remains constant with the increment of the ACPA
concentration. In this sense, the presence of the ACPA in the photopolymer has produced a length
reduction in the polymer chains, which has resulted in an increase of the DE ;5.

If our attention is now focused on the refractive index modulation An and on the optical thickness
d obtained with the Coupled Wave Theory (Equation (11)), we can see that An presents small variations
between 0.00133 and 0.00154 for the different compositions. On the other hand, the optical thickness
d increases as the ACPA concentration does, and hence as DEj,,;, does. This result makes sense
since the product An x d is directly related to the diffraction efficiency of a grating [22]. In fact,
an increment of the DE ), produces an increment in the product An x d as can be seen in Table 2.
Therefore, if An remains approximately constant, then d must necessarily increase with the increment
of the diffraction efficiency of the grating. The observed increment of the optical thickness d can be
qualitatively explained taking into account that, in the transmission geometry, both recording beams
impinge symmetrically at the same sample face. Consequently, both recording beams undergo the
same attenuation (due to the dye) at all the spatial positions of the sample where they interfere, and
thus the beam ratio of the two beams is close to unity in all of the sample volumes. This fact allows for
the ACPA to improve the grating formation in the entire sample volume, which, in turn, explains the
increment of the optical thickness associated with the increment of ACPA concentration.

Moreover, the experimental spatial period Ay, obtained from the fitting of experimental data of
Figure 4 (through Equation (11)) has been represented in Table 2. With these values, the shrinkage can
be calculated through Equation (14), taking into account that the theoretical spatial period for these
gratings is Ay, = 0.3762 pm. For all the compositions in Table 2, the values of the shrinkage are smaller
than 0.2%, so it can be considered that these gratings are not shrinking.

Table 2. Parameters obtained from the fitting of the gratings in Figure 4.

Cacra M) DEp 4y (%) An d (um) An x d (um) Aexp (um)
0 42 0.00140 55.9 0.078 0.376818
0.006 57 0.00133 725 0.096 0.376836
0.009 72 0.00154 73.5 0.113 0.376853
0.012 82 0.00136 93.7 0.127 0.376486
0.015 81 0.00145 86.9 0.126 0.376329

Secondly, reflection gratings with a spatial frequency of 4558 lines/mm were recorded in the
photopolymers of Table 1 with the setup of Figure 3b, and the obtained results are presented in Figure 5.
In this case, each plot shows the experimental transmittance in percentage for a reflection grating with
a different ACPA concentration.

As was explained in Section 3.2, reflection gratings were reconstructed with a double beam
spectrophotometer. The reconstruction angle was 0°, and the transmittances of the gratings were
obtained as a function of the reconstruction wavelength. Like in Figure 4, the theoretical fit of the
experimental data with the Coupled Wave Theory [17] is represented with a solid line in each plot,
the spatial period A.yp, the refractive index modulation An as well as the grating thickness d are also
obtained. In this case, for each plot, DE )y, is calculated from the experimental data by means of
Equation (8).

The DE 1,4, obtained for composition 1 without ACPA was 4.8% (Figure 5a), whereas a DE p,, of
9.6% (Figure 5b) was obtained for composition 2 (ACPA concentration of 0.006 M). On the other hand,
a DEjj,y of 11.1% (Figure 5¢) was obtained for composition 3 (ACPA concentration of 0.009 M), while
a DEpy,y of 8.3% (Figure 5d) was obtained for composition 4 (ACPA concentration of 0.012 M). Finally,
a DE 4y of 8.4% (Figure 5e) was obtained for composition 5 (ACPA concentration of 0.0015 M).
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Figure 5. Transmittance as a function of reconstruction wavelength for reflection gratings stored with
a spatial frequency of 4558 lines/mm for the compositions of Table 1, (a) C1 without ACPA; (b) C2
with CACPA =0.006 M; (C) C3 with CACPA =0.009 M; (d) C4 with CACPA =0.012 M; and (e) C5 with

Cacpa =0.015 M.

A summary of the results of Figure 5 is presented in Table 3. In this case, the DE,, increases
with the ACPA concentration in the photopolymer until the highest diffraction efficiency (DE .y
of 11.1%) among all compositions of Table 1 is reached for an ACPA concentration of 0.009M.
With ACPA concentrations of 0.012 M and 0.015 M, the DEy,, slightly decreases (8.3% and 8.4%,
respectively). Once again, the incorporation of the ACPA in the composition of the photopolymer,
with the consequent reduction of the length in the polymer chains, produces an increment of the

diffraction efficiency.

Regarding An and d (obtained from the fitting of the experimental data of Figure 5 through
Equation (11)), we can see that the optical thickness for reflection gratings remains approximately
constant in this case. Consequently, when DEj,,, (and therefore the product An x d) increases, An
also does, and when DEy,, and the product An x d decrease, An also decreases. The fact that the
optical thickness remains approximately constant can be qualitatively explained taking into account
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that, in the reflection geometry, each recording beam impinges symmetrically at a different sample face.
Thus, there will be a region inside the sample where both recordings beams undergo approximately the
same attenuation and thus the beam ratio of the recording beams will be approximately equal to unity.
This fact allows that the ACPA improves the grating formation in that region of the sample. However,
outside such region, each of the recording beams will undergo a different attenuation, so the beam
ratio will be different from unity, which avoids a suitable interference between the recording beams
despite the presence of ACPA. Consequently, the ACPA concentration will only be able to improve the
grating formation in a reduced region where the beam ratio is approximately equal to unity, which
explains that d does not significantly increase as the ACPA concentration does.

Moreover, the experimental spatial period Ay, has been obtained from the experimental data of
Figure 5. The values calculated from the fitting through Equation (11) have been included in Table 3.
Like in the transmission geometry, the shrinkage has also been calculated through Equation (14) taking
into account that the theoretical spatial period for these gratings is Ay, = 0.2194 pm. The values of
shrinkage are included in Table 3 (5%). As can be observed, the shrinkage value for the composition
without ACPA (S = 2.30%) is higher than the shrinkage values for the compositions with ACPA.
However, all the shrinkage values range between 2.13% to 2.30%, so we can conclude that the ACPA
has not a significant influence on shrinkage.

Table 3. Parameters obtained from the fitting of the gratings in Figure 5.

Cacpa M) DEp4x (%) An d(um) An xd(um)  Aexp (um) S (%)
0 4.8 0.00245 19.1 0.047 0.214340 2.30
0.006 9.6 0.00308 219 0.068 0.214646 2.16
0.009 11.1 0.00330 21.9 0.072 0.214458 2.25
0.012 8.3 0.00290 21.2 0.061 0.214723 2.13
0.015 8.4 0.00300 21.0 0.063 0.214573 2.19

Finally, from the comparison of Tables 2 and 3 it can be observed that the values of An for the
reflection gratings are greater than the ones obtained for transmission gratings. However, the DE
for reflection gratings is smaller than for transmission gratings, since the optical thickness (and thus
the product An x d) in the reflection gratings is much smaller than in the transmission ones. In fact,
unlike in the transmission geometry, the recording beams in the reflection geometry do not necessarily
undergo the same attenuation at the interference region inside the sample. Consequently, the spatial
region where the beam ratio is close to unity is much smaller than in the case of transmission gratings.
Furthermore, this fact implies that the grating improvement due to the ACPA will be restricted to a
much smaller region (where the beam ratio is close to unity) than in the case of transmission gratings,
which explains that the optical thickness does not significantly improve with the ACPA.

5. Conclusions

In this paper, holographic transmission gratings with a spatial frequency of 2658 lines/mm and
holographic reflection gratings with a spatial frequency of 4558 lines/ mm were recorded in a PVA/AA
based photopolymer. A CTA, specifically ACPA, in this work is incorporated into this material to
improve its response at high spatial frequencies. The ACPA concentrations have been modified to
determine the optimal composition that allows for obtaining a maximum diffraction efficiency in
each geometry.

For the transmission geometry, it has been obtained that the incorporation of the ACPA into
the standard photopolymer produces two times the diffraction efficiency than in the photopolymer
without ACPA. Although the presence of ACPA in the material has not significantly improved the
refractive index modulation, it has improved the grating formation in the entire volume of the material,
which causes an optical thickness increment and, in turn, a diffraction efficiency increment.
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For the reflection geometry, the presence of ACPA has also produced twice the diffraction efficiency
than in the photopolymer without ACPA. In this case, the optical thickness of the grating has only
increased slightly due to the geometry of the recording system. However, the ACPA has improved
refractive index modulation, thereby improving the diffraction efficiency of the grating.

Shrinkage has also been calculated for the transmission and reflection gratings. For transmission
gratings, the shrinkage was below 0.2%, so it can be considered that such gratings do not have
shrinkage. In the case of reflection gratings, the shrinkage was approximately constant, ranging
between 2.1% and 2.3% for all the analyzed compositions, and thus the ACPA did not have an
appreciable influence on the shrinkage.
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Abbreviations

The following abbreviations are used in this manuscript:

PVA Polyvinyl Alcohol

AA Acrylamide

ACPA 4,4’-azobis (4-cyanopentanoic acid)
TEA Triethanolamine

YE Yellowish Eosin

CTA Chain Transfer Agent

An Refractive Index Modulation

d Grating Thickness

DE Diffraction Efficiency

DEpMax Maximum Diffraction Efficiency
References

1.  Odian, G. Principles of Polymerization; John Wiley & Sons, Inc: New Jersey, USA, 2004.

2. Miki, M.; Ohira, R.; Tomita, Y. Optical properties of electrically tunable two-dimensional photonic lattice
structures formed in a holographic polymer-dispersed liquid crystal film: Analysis and experiment. Materials
2014, 7, 3677-3698. [CrossRef]

3. Ligon-Auer, S.C.; Schwentenwein, M.; Gorsche, C.; Stampfl, J.; Liska, R. Toughening of photo-curable
polymer networks: A review. Polym. Chem. 2016, 7, 257-286. [CrossRef]

4. Tamrin, K.F; Zakariyah, S.S.; Sheikh, N.A. Multi-criteria optimization in CO; laser ablation of multimode
polymer waveguides. Opt. Lasers Eng. 2015, 75, 48-56. [CrossRef]

5. He, M.G.; Zhang, S.; Zhang, Y.; Peng, S.G. Development of measuring diffusion coefficients by digital
holographic interferometry in transparent liquid mixtures. Opt. Express 2015, 23, 10884-10899. [CrossRef]
[PubMed]

6. Bianco, G.; Ferrara, M.A.; Borbone, E; Roviello, A.; Striano, V.; Coppola, G. Photopolymer-based volume
holographic optical elements: design and possible applications. J. Eur. Opt. Soc. Rapid Publ. 2015, 10, 15057.
[CrossRef]

7. Zimmerman, C.; White, M.; Baylor, M.E. Effects of varying interfacial surface tension on macroscopic
polymer lenses. Opt. Eng. 2015, 54, 097108. [CrossRef]

8.  Awatsuji, Y.; Shiuchi, Y.; Komatsu, A.; Kubota, T. Design and fabrication of an optimum holographic optical
element lens for a femtosecond laser pulse using a hologram computer-aided design tool. Opt. Lasers Eng.
2006, 44, 975-990. [CrossRef]


http://dx.doi.org/10.3390/ma7053677
http://dx.doi.org/10.1039/C5PY01631B
http://dx.doi.org/10.1016/j.optlaseng.2015.06.010
http://dx.doi.org/10.1364/OE.23.010884
http://www.ncbi.nlm.nih.gov/pubmed/25969184
http://dx.doi.org/10.2971/jeos.2015.15057
http://dx.doi.org/10.1117/1.OE.54.9.097108
http://dx.doi.org/10.1016/j.optlaseng.2005.06.018

Materials 2016, 9, 194 13 of 13

9.  Mohan, N.K; Islam, Q.T. Design of an off-axis HOE light concentrator to focus light from multiple directions
in a plane. Opt. Lasers Eng. 2006, 44, 943-953. [CrossRef]

10. Schwemmer, G.K.; Rallison, R.D.; Wilkerson, T.D.; Guerra, D.V. Holographic optical elements as scanning
lidar telescopes. Opt. Lasers Eng. 2006, 44, 881-902. [CrossRef]

11.  Jeon, S.H.; Hwang, Y.G.; Gil, S.K. Optical encryption of gray-level image using on-axis and 2-f digital
holography with two-step phase-shifting method. Opt. Rev. 2008, 15, 181-186. [CrossRef]

12.  Dhar, L.; Curtis, K.; Facke, T. Holographic data storage: Coming of age. Nat. Photonics 2008, 2, 403—405.
[CrossRef]

13.  Graham-Rowe, D. The drive for holography. Nat. Photonics 2007, 1, 197-200. [CrossRef]

14. Curtis, K; Dhar, L.; Hill, A.; Wilson, W.; Ayres, M. Holographic Data Storage: From Theory to Practical Systems;
Wiley: West Sussex, UK, 2010.

15. Fernandez, E.; Fuentes, R.; Ortuiio, M.; Belendez, A.; Pascual, I. Holographic grating stability: Influence of
4,4’-azobis(4-cyanopentanoic acid) on various spatial frequencies. Appl. Opt. 2013, 52, 6322-6331. [CrossRef]
[PubMed]

16. Ortuno, M.; Fernandez, E.; Fuentes, R.; Gallego, S.; Pascual, I.; Belendez, A. Improving the performance of
PVA/AA photopolymers for holographic recording. Opt. Mater. (Amst). 2013, 35, 668-673. [CrossRef]

17.  Kogelnik, H. Coupled Wave Theory for Thick Hologram Gratings. Bell Syst. Tech. ]. 1969, 48, 2909-2947.
[CrossRef]

18. Gleeson, M.R.; Sheridan, J.T. Nonlocal photopolymerization kinetics including multiple termination
mechanisms and dark reactions Part I Modeling. J. Opt. Soc. Am. B 2009, 26, 1736-1745. [CrossRef]

19. Fuentes, R.; Fernandez, E.; Garcia, C.; Belendez, A.; Pascual, I. Study of reflection gratings recorded in
polyvinyl alcohol/acrylamide-based photopolymer. Appl. Opt. 2009, 48, 6553-6557. [CrossRef] [PubMed]

20. Criante, L.; Beev, K.; Lucchetta, D.E.; Simoni, F. Spectral analysis of shrinkage in holographic materials
suitable for optical storage applications. In Proceedings of the Holography 2005: International Conference
on Holography, Varna, Bulgaria, 9 May 2005.

21. Gallego, S.; Neipp, C.; Ortufio, M.; Ferndndez, E.; Beléndez, A.; Pascual, I. Analysis of multiplexed holograms
stored in a thick PVA/AA photopolymer. Opt. Commun. 2008, 281, 1480-1485. [CrossRef]

22. Fernandez, E.; Perez-Molina, M.; Fuentes, R.; Ortufio, M.; Neipp, C.; Belendez, A.; Pascual, I. Analysis
of holographic reflection gratings recorded in PVA/AA photopolymer. Appl. Opt. 2013, 52, 1581-1590.
[CrossRef] [PubMed]

® © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons by Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.optlaseng.2005.06.019
http://dx.doi.org/10.1016/j.optlaseng.2005.06.011
http://dx.doi.org/10.1007/s10043-008-0029-5
http://dx.doi.org/10.1038/nphoton.2008.120
http://dx.doi.org/10.1038/nphoton.2007.36
http://dx.doi.org/10.1364/AO.52.006322
http://www.ncbi.nlm.nih.gov/pubmed/24085094
http://dx.doi.org/10.1016/j.optmat.2012.11.001
http://dx.doi.org/10.1002/j.1538-7305.1969.tb01198.x
http://dx.doi.org/10.1364/JOSAB.26.001736
http://dx.doi.org/10.1364/AO.48.006553
http://www.ncbi.nlm.nih.gov/pubmed/19956309
http://dx.doi.org/10.1016/j.optcom.2007.11.068
http://dx.doi.org/10.1364/AO.52.001581
http://www.ncbi.nlm.nih.gov/pubmed/23478760
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Chemical Process 
	Materials and Methods 
	Preparation of the Material 
	Holographic Setup 
	Fitting Procedure through Coupled Wave Theory 
	Shrinkage Measurement Procedure 

	Results and Discussion 
	Conclusions 

