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Photopolymers as recording media are widely used in op-
tical applications. In such materials, changes in the phase of
the transmittance function are generated during exposure
due to refractive index and thickness modulations. These
changes arise primarily as a consequence of photopolyme-
rization and mass transport processes. Characterizing
polymers’ performance, for example, quantifying the value
of monomer diffusion, is therefore very important.
Applying index matching, the volume and surface optical
effect are separated in an acrylamide/polyvinylalcohol
(AA/PVA) material. Using a simplified model that includes
the effects of the holes produced during polymerization,
both hole and monomer diffusion are analyzed. The analy-
sis presented indicates higher material sensitivity than pre-
viously estimated. The results also indicate the possibility of
recording sharper diffractive optical elements profiles, like
blazed gratings, having diffraction efficiencies higher than
80%. © 2015 Optical Society of America
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Because of their practical properties, self-processing photopol-
ymers are frequently used in the mass production of holograms
for security purposes and holographic-based memories [1].
Optical modulation of both the material permittivity and thick-
ness can be achieved. Low scatter, inexpensive materials having
wide spectral sensitivity are available. Material layers having a
wide range of thicknesses can be obtained and their optical
properties controlled. Thus photopolymers offer versatile
media in which to fabricate surface relief diffractive-optical
elements and volume holograms [2—4].

One such material, polyvinylalcohol/acrylamide (PVA/AA)
[5-8], has received considerable attention. In these materials,
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grating formation occurs primarily as a consequence of photo-
polymerization and mass transport processes. However, a wide
range of values for monomer diffusion have been reported in
the literature, e.g., 107 to 107! cm?/s [5-8]. One result of
assuming faster values, i.e., 1077 cm?/s, is that changes in
the surface relief profile, due to mass transfer, make it difficult
to produce sharp structures on the layer such as blazed or binary
gratings, axicons, or diffractive lenses [9,10].

In a recent study of PVA/AA [5], two sets of experimental
data are analyzed: results involving the replay of coverplated
and uncoverplated layers. In [5], coverplating was performed
using silica oil to index match a glass plate. Based on the mea-
sured results for the coverplated samples rates of monomer,
diffusion of at least 10~ cm?/s and less than 107! cm?/s
[5,6] were estimated. It is also mentioned as a hypothesis that
heating during exposure may lead to some evaporation of water,
and that post-exposure water molecules from the environment
may diffuse into the layer [5].

Avoiding the exact origin of the surfaces changes, it is im-
portant to note that the presence of silica oil for index matching
reduces the measured monomer diffusion, using some particu-
lar methods, more than factor 10.

High values of monomer diffusion are useful for applica-
tions like volume holography, where the high spatial frequen-
cies stored in the material permit the rapidly diffusing
monomer molecules to move from the dark zones to bright
ones where they are available to be polymerized. However,
in applications like the recording of the diffractive lenses
[2], high values of mass transport reduce the materials’ ability
to record sharp DOE: like lenses, blazed or binary gratings with
enough quality [11].

Therefore, materials with low-matter transfer similar to pho-
toresist can be used to record sharp diffractive optical elements
with insignificant smoothing of the refractive index profiles [10].

In this Letter, glycerin is used to seal the PVA/AA material.
A significant reduction in the estimated monomer diffusion is
observed, and an improvement in the sharpness of the recorded
DOE: is found.
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A simple model is developed to simulate the role of the
sealant in the material, and the predictions of the model are
compared to the experimental results. The model takes into
account both the volume refractive index variations and the
thickness variations. Holes are created as a consequence of
the polymerization process in AA/PVA [12,13]. The holes,
generated during the polymerization process, are the primary
origin of the thickness variation. We assumed that the fast
swelling of the illuminated areas (initially there is rapid shrink-
age in the illuminated area), is due to the mass transport
through the surface, clearly faster than the diffusion deep inside
the material, and the surface tension forces.

The photopolymer formulation and experimental setup
used for the experimental part are similar to those described
previously, e.g., [8] using a 532 nm as the recording wavelength
and a 633 nm as the readout one. In order to model the role of
holes generation and holes diffusion, we propose the following
model, where the grating vector is parallel to the x-axis:
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where M is the monomer volume fraction, P is the polymer
volume fraction, H is the holes volume fraction, Fp is the
polymerization rate that depends on the dye concentration
[13,14], and is calculated as done previously assuming Beer’s
law [8]. K, the holes rate generation [12,13], is assumed pro-
portional to F. D,, and D), are the diffusion constant for holes
and monomer, respectively. Holes are generated throughout the
volume, and the resulting material shrinkage is most apparent
by changes at the surface. It is reasonable to expect that holes
diffusion will be much faster than that of the chemical com-
pounds in the layer due to their small size.

In order to simulate the material behavior we assume that
after shrinkage, the holes are concentrated close to the surface,
and their motion is along x direction [see Eq. (3)].

Fp, K, D), and D,, can be directly measured from zero
spatial frequency and from behavior after exposure for very
low spatial frequencies, without and with index matching,
and also their variation with the polymer generation or time
can be found [8]. Solving Egs. (1)—(3) using finite difference
method, the concentrations of the three components can be
found as a function of time.

In order to quantify the phase of the DOE recorded, it is
necessary to obtain the refractive and thickness variations as
functions of the material concentrations. Regarding the index,
the governing relation is

2 2 2 2
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(1-My), (4)

where M| is the average initial value for the volume fraction

of monomer, 7, is the polymer refractive index, 7, is the
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monomer refractive index, and 7, is the binder refractive index.
The local thickness variations in x are determined by the
volume fraction of the holes:

d(x) = do(x) - d)(x), (6)

where d is the thickness of the layer, 4, is the intrinsic thickness
(that can change due to monomer diffusion), and ) is the
shrinkage due to the holes.

Using “zero frequency” interferometry, the values for mono-
mer, polymer, and holes volumes can be calculated. If we
assume that 4, the thickness of the binder, is constant, we
can obtain the resulting thickness of the layer. The initial value
of d for the layers presented in this Letter is 80 &2 pm
(measured by ultrasound display provided by Neurtek). To ob-
tain a good index matching and avoid the relief effects, we used
a nonsoluble in-water liquid with refractive index 1.479 that
fits perfectly with our layer before recording (7 = 1.478)
(measured by Abbe refractometer-WYA-1S). The phase
change, @, due to the surface relief pattern is

O(x) = n(x)d(x) + dy(x)m, (6)

and 7, is 1 when the layers are not index matched, and 1.479
when we use the liquid. Throughout this Letter, we define the
phase depth as the difference peak-to-peak of @ along the x-axis
and the phase modulation the amplitude.

Diffraction efficiencies (DE) for the main orders, measured
in Fraunhofer region, of sinusoidal grating in transmission with
a period 168 pm, and recording intensity of 0.5 mW /cm?,
both simulated and experimental, are depicted in Fig. 1(a)
without index matching (no coverplating) and in Fig. 1(b) with
index matching (coverplated). Due to the wavelength used, the
refractive index modulation and the large period we are at
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Fig. 1. DE of four main orders as a function of time.
(@) Uncoverplated layers; (b) index matched (no surface changes

effects).
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Fig. 2. DE of four main orders as a function of time for a 50 s of
exposure and the post-evolution. (a) Uncoverplated layers; (b) cover-
plated and index matched (no surface effects).

Raman—Nath regime. As can be seen, the maximum values
of the first order 1 (which is of primary interest for many
diffractive applications) is achieved rapidly after only 80 s using
the index-matching coverplated samples, in which the diffrac-
tion due to the effects of thickness variations are negligible. It is
interesting to remark that in the coverplated case, the simula-
tions and the experiments results are in a good agreement even
after many minutes of recording.

To check the model capability to predict also the post-
exposure evolution in both cases, we recorded a grating during
50 s, and then the recording laser was switched off. Our
simulations are compared to the DE experimentally measured
during the whole process during and after recording. As can be
seen in Fig. 2(a), the DEs for the uncoverplated layers change
significantly after recording due to the holes diffusion through
the surface and their fast homogenization, using these data and
following Ref. [8], D), can be calculated (D, = 31078 cm?/s).
This result tells us that the surface changes, which are clearly
visible in Fig. 2(a), are completely invisible optically in Fig. 2(b)
due to the presence of the index matching. In other words
volume effects stop rapidly [see Fig. 2(b)], but surface effects
continue for a much longer time [see Fig. 2(a)]. Therefore, the
hole diffusion parameter Dy that is given is actually a lumped
parameter quantifying the surface change.

When the index matching is used, Fig. 2(b), after recording,
diffracted efficiencies rapidly stop to vary and their post
exposure variation is slow. These changes are only due to the
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Fig. 3. DE of four main orders as a function of time for a 100 s of
exposure and the post-evolution coverplated layer with BMA.

monomer diffusion inside the material. Thus, following the
method described in [8], D,, can be estimated (D,, =
1071% cm?/s) and introduced in the model to simulate the
material behaviour. Due to the small value of Dm, the evolu-
tion of the diffraction efficiencies after recording was monitored
during 50 min. Once both diffusions are obtained and intro-
duced in the model, the simulations provided are very close to
the reality as we show in Figs. 1 and 2.

There are two possibilities to increase the depth of modu-
lation of the surface profile: (i) maximize the thickness of the
layer or (ii) achieve higher refractive index modulation by intro-
ducing new components like nanoparticles or cross-linkers
[15]. In Fig. 3, the effect of incorporating the cross-linker,
N, N'-methylene-bis-acrylamide (BMA), is shown. It can be
seen that after 100 s of exposure, a phase modulation of 2z
is obtained [8].

This value of phase depth is enough to fabricate good-
quality blazed gratings or diffractive lenses using this material
thickness and composition. Figure 4 presents the simulations
provided by the model using the typical parameters of compo-
sition with BMA compared with the experimental data. It is im-
portant to note the small discrepancies between experiments and
simulations. They can be due to the low-pass filtering and the
limited visibility of the optical system, which affects the record-
ing pattern [16]. As it can be seen, the maximum of the order 1
is higher than 82% despite of the experimental limitations.

The results obtained in this Letter explain the discrepancies

reported before by the measurements of monomer diffusion in
PVA materials [5-7].
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Fig. 4. Expected DE as a function of time to record blazed phase
gratings into photopolymers.
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In addition, the values of the phase depth obtained for BMA
cross-linker are much higher than those reported by other
groups [5], achieving in this case enough phase depth to
fabricate other diffractive elements such as lenses.

In addition, the dye elimination by curing process after the
exposure can be carried out to the complete stabilization of the
stored element.

In our opinion this provides a useful model to reproduce the
experiments with and without index matching and try to close
the polemical discussion with the ambiguous results reported
about the acrylamide diffusion partially solved in [5]. This
model is simple involving some approximations, but provides
more physical information about the material than previous
studies; the curves are not fitted using multiparametric models,
and the simulations are obtained introducing the parameters
measured directly. Then the model can be used as a tool to
obtain the desired material or illumination parameters to
fabricate a particular DOE, like Fig. 4.
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