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Abstract: Molecular diffusion effects have been widely studied inside 
photopolymers for holographic applications. Recently some works have 
focused on low spatial frequencies to evaluate in real time the monomer 
diffusion effects. Assuming a Fermi-Dirac function-based profile, we have 
fitted the diffracted intensities, reflected and transmitted (up to the 8th 
order), to obtain the phase and surface profile of the recorded gratings. We 
have studied the influence of diffusion in polyvinyl-alcohol/acrylamide for 
the range of spatial frequencies between 2 lines/mm and 6 lines/mm. We 
have demonstrated the influence of the spatial frequency on the magnitude 
and sign of the material volume variations. We also studied in dark the 
evolution of the grating shape. We show that it is possible to achieve 
diffractive gratings with diffraction efficiency in the first order near 35% if 
the in dark evolution is taken into account. Furthermore we present a 
method to calculate the monomer diffusivity in photopolymers. The 
differential equation is deduced and solved, and experimental average value 
is obtained (D=1.1·10−8 cm2s−1). 
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1. Introduction 

Photopolymer properties, such as high diffraction efficiencies, low noise, self-developing, 
easy preparation, high thickness, low cost, etc., make these optical recording materials 
optimum media for many applications [1–3]. Photopolymer formulations contain a dye, a 
cosensitizer, one or two monomers and a binder. In general, the diffusion velocity depends on 
the particular photopolymer composition. Nevertheless, the binder is the more important 
factor to determine the diffusion of the components inside the material. In polyvinyl-
alcohol/acrylamide (PVA/AA) based materials PVA is used as a binder and the quantity of 
water that remains in the layer depends on the molecular weight and the drying process [4]. 
On the other hand the presence of triethanolamine (TEA) as a cosensitizer changes the 
diffusion properties (TEA is a liquid at ambient temperature). The influence of species 
diffusion in the phase image formation in photopolymers has been analyzed by many authors 
[5–7]. Some models of hologram formation based on the diffusion and polymerization 
processes are used to determine values of monomer diffusivity. One of the problems 
associated to this method, used for the holographic cases, is the very short diffusion times 
obtained for high spatial frequencies. Therefore, for spatial frequencies around 1000 
lines/mm, the species diffusion only can be determined indirectly. In this work to observe in 
real time the effects of species diffusion, we record very low spatial frequency elements. We 
store low spatial frequency gratings and we evaluate the material behavior after recording 
process. We focus our attention in two aspects: the in dark evolution of the grating phase-
modulation shape and the volume changes in the material surface. Assuming a Fermi-Dirac 
function-based profile, we have fitted the diffracted intensities, reflected and transmitted (up 
to the 8th order), to obtain the phase and surface profile of the recorded gratings [8,9]. We 
have evaluated three different spatial frequencies between 2 lines/mm and 6 lines/mm. We 
have chosen this range of spatial frequency since diffusion effects after recording take place 
after a few seconds of the recording process start. The method to store gratings is based on a 
dynamic experimental set up where a spatial phase modulator (SLM) is working in amplitude 
only configuration [10], determines the spatial frequency. This work is based on previous 
works where we analyzed the lowest spatial frequency [11,12], the zero spatial frequency 
limit, and some low spatial frequencies [13]. 

2. Experimental 

2.1 Fitted Profile 

The Fermi-Dirac based profile is a better option [9] than the super-Gaussian based profile 
used in previous works [8], due mainly to two reasons: the parameters in the Fermi-Dirac 
function are continuous whereas in the super-Gaussian function the parameter describing the 
sharpness of the edges is discrete, thus there is no gradual transition between the fitted 
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profiles; furthermore, the Fermi-Dirac function provides a very good fit to the cosine function, 
which may be considered as a reasonable limit case when edges become highly smoothed by 
diffusion. The mathematical expression for the amplitude transmission )(xt  of a transparent 

phase element showing a Fermi-Dirac phase profile )(xϕ  can be written as follows, 

 ( ))(exp)( xixt ϕ=  (1) 
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where ϕ 0 is the asymptotic phase modulation depth (for an x-interval (-∞,+∞)), Ω controls 
the symmetry (or duty cycle) of the profile, and α is the parameter characterizing the function 
shape and sharpness of the edges. The function is limited to an x-interval (−1,1), and repeated 
periodically. We consider symmetric gratings, that for this x-interval correspond to a value of 
Ω=0.5. We rescale the phase values obtained in the x-interval (−1,1) so that the phase 
modulation depth in this finite interval equals the asymptotic phase modulation depth. 

We have compared the diffraction efficiencies calculated numerically using the Fermi-
Dirac model with the experimental values for the first 9 orders (orders from 0 to 8). 

2.2. Experimental set-up 

The experimental set-up is shown in Fig. 1. We have used an expanded, collimated recording 
beam provided by a solid-state Verdi laser (Nd-YVO4) with a wavelength of 532 nm (at this 
wavelength the dye exhibits a maximum absorption). The exposure intensity is 0.5 mW/cm2. 
The periodic pattern is introduced by a liquid crystal display (LCD), a Sony LCD model 
LCX012BL, extracted from a video projector Sony VPL-V500. We use the electronics of the 
video projector to send the voltage to the pixels of the LCD. The LCD is used in the 
amplitude-mostly modulation regime by proper orientation of the external polarizers (P) [10]; 
then the pattern is imaged onto the material with an increased spatial frequency (a 
demagnifying factor of 2). The use of the LCD allows us to change the period of the grating 
recorded in the photopolymer without moving any mechanical part of the set-up. To analyze 
in real time the variation in efficiency of the different diffraction orders, we use an 
unexpanded beam of a He-Ne laser (633 nm) incident at a small angle with respect to the 
normal axis of the recording material. A diaphragm (stop2) is placed in the focal plane of the 
relay lens so as to eliminate the diffraction orders produced by the pixelation of the LCD. In 
this work the patterns sent to the LCD correspond to binary gratings with different periods. It 
can be expected that the final pattern imaged onto the recording material will be low filtered 
due to the finite aperture of the imaging system and especially due to the filtering process 
produced by stop2. 

 

Fig. 1. - Experimental set-up used to analyze the recording of gratings in real time. 
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To obtain the Fourier transform of the pattern and then to measure the diffracted 
intensities (of transmitted and reflected orders), we may place a lens after the grating 
(recorded in the photopolymer). The Fourier plane is captured using a CCD camera at the 
focal plane of the lens. We use the CCD camera model pco.1600 from pco.imaging. This is a 
high dynamic 14 bits cooled CCD camera system with a resolution of 1600x1200 pixels, and 
a pixel size of 7.4x7.4 µm2. The high dynamic range together with the high number of pixels 
allows us to use this camera as a radiometer where the intensity directed to the various 
diffraction orders (in our case 9 orders) can be measured in parallel. We have estimated 
experimentally the error of the diffraction efficiencies obtained using this camera and it turns 
out to be around 0.5%. 

The photopolymers used to store the gratings are similar to the ones used in previous 
works [10–12]. In this sense the material preparation is similar to the one presented in the 
previous work [9]. The PVA/AA formulations contain a dye (yellowish eosin), a cosensitizer 
which is triethanolamine (TEA), two monomers (AA with N,N’-methylenebisacrylamide) and 
a polymer as a binder (PVA). The final “dried” layers used in the recording step have a 
thickness of 90±5µm. 

3.- Results and discussion 

In this section, we have evaluated the evolution of the gratings after the recording process, i.e. 
the in dark evolution. We have focused our attention in two important factors: the shape of the 
edges of the phase-modulation profile and the diffraction efficiencies of the first diffracted 
order (high values of first diffracted order are required for its application to fabricate 
diffractive optical elements [8,9]). Firstly, we have analyzed the phase gratings stored 
measuring the diffracted orders. Studying these data, we have fitted the phase shape of the 
grating. The phase modulation is due to the refractive index modulation and the thickness 
changes. Furthermore to have a deeper insight into the volume variations we have measured 
the reflected orders, and have obtained the profile surface shape after the exposition. We have 
used these data together with a simple model based on the Fick’s law to calculate the average 
species diffusivity inside the material. 

3.1. Transmission analysis 

As we have noted in the introduction, we have analyzed the material behavior in a range of 
spatial frequencies where species diffusion begins to play an important role in the phase 
image formation [9]. In this sense, the lowest spatial frequency corresponds to a period of 
0.672 mm. We have exposed the layer to the recording pattern during 200 s and then we have 
analyzed the changes in the grating using red illumination. The intensities of the 4th first 
orders are depicted in Fig. 2(a), the initial behavior is similar than the presented in ref [9]. As 
we can see orders 0 and 2 present variations during relax period. On the other hand, the order 
3 remains constant around 13% of diffraction efficiency. Taking into account the 8 first orders 
we have fitted the shape profiles in three different times, during recording, when the recording 
stops and 200 s later. The results are presented in Fig. 2(b). It is possible to see the smoothing 
of the edges during recording and the light variations during non-exposure stage. Nevertheless 
it can be seen the poor influence of diffusion in very low spatial frequencies on the phase 
depth. 
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Fig. 2. - Gratings with a spatial period of 0.672 mm in transmission case. (a) Diffraction 
intensities of the first 4 orders. (b) Estimated profiles for different times (at 30 s of exposure 
time, when exposure stops at 200 s, and 200 s later). 

To understand when diffusion becomes important, we have recorded gratings with a 
spatial period of 0.336 mm. In Fig. 3, we have represented the evolution of the 4 main 
diffracted orders when the recording stops at 200 s. To analyze the evolution in the stored 
phase profiles, we have sketched the shape for three different times. We have also checked if 
there exists smoothing of the gratings period and if the phase modulation decreases due to 
species diffusion. It is important to compare the profiles obtained after 200 s (just when 
exposition stops) and after 400 s (200 s after the end of exposition). As it can be seen there 
exists an important decrease of the phase depth (Fig. 3(b)). This phenomenon can be 
explained by the transport of material from the dark zones to the bright ones due to species 
diffusion. In this sense, it is important to remark that we have detected the swelling of the 
bright zones. This effect will be analyzed more accurately in the next section. Therefore, we 
can conclude that when spatial periods of 0.336 mm are recorded effects of species diffusion 
cannot be disregarded, since species diffusion become very relevant in the phase image 
formation processes. It is important to note the chance to obtain high values of the first 
diffracted order for this spatial frequency when exposition stops at 16 s. In Fig. 3(c) the values 
of the first order become constant around 35% of diffraction efficiency. 
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Fig. 3. - Gratings with a spatial period of 0.336 mm analyzed for transmission case. (a) 
Diffraction intensities of the first 4 orders when exposure stops after 200 s. (b) Estimated 
profiles for different times. (c) Diffraction intensities of the first 4 orders when exposition stops 
after 16 s. 

When gratings with a spatial period of 0.168 mm are exposed the effects of species 
diffusion can be observed in real time too. The intensities of the different diffraction orders 
change after exposition and the effects of species diffusion are comparable to the 
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polymerization. In order to produce a diffractive optical element with prescribed diffraction 
efficiencies we can calculate the time when exposure should stop, as we can predict what the 
evolution due to diffusion will be. To analyze the importance of this phenomenon we have 
followed the same experimental procedure: the analysis of the stored profile. In Figs. 4(a) and 
4(b) we can see a clear smoothing of the edges due to species diffusion. We can also note how 
the 35% of phase modulation is lost 200 s after exposition finishes (Fig. 4(b)). Now it is 
important to know which part of decreasing is due to the volume variation. This information 
can be obtained through an analysis of the reflected orders as we show in the next section. At 
this point, it is important to estimate the percentage of the phase decrease due to volume 
variations of the material. 

 

Fig. 4. - Gratings with a spatial period of 0.168 mm in the transmission case. (a) Diffraction 
intensities of the first 4 orders. (b) Estimated profiles for different exposition times. Exposition 
stops at 200 s. 

3.2 Reflection analysis 

In this section we will evaluate the volume variation during and after exposure by measuring 
the reflected diffracted orders. In order to eliminate the secondary reflection we introduce a 
black PVC adhesive on the second glass surface. As we already noted in previous papers [12], 
phase modulation is higher than 20π for long exposures. At this point of our analysis, we must 
take into account that our technique based on measuring the diffraction efficiencies of the 
different diffraction orders presents some difficulties for high values of phase depth [9]. The 
sum of the diffraction efficiencies for the first 9 orders (0 to 8) decreases to values lower than 
a 10% in just 200 s. In this case we already explained in reference 9 that these low values 
were due to the large phase modulation depths exhibited by the surface profile and basically 
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for α values smaller than 5 (i.e. smoothed profiles). These weak values of the first 9 orders 
produce a large uncertainty in the fitting of the profile. In particular, we observed that the 
values obtained for the α parameter looked reasonable, providing the expected smoothed 
profile, but the phase depths φ0 obtained were even much larger than expected. In fact, we can 
say that we have an ambiguity in the phase depth since there is a set of different φ0 values 
giving a very similar fit; these values are practically equal modulus 2π. To solve this problem 
we stop the recording only after 16 s of exposition. In this case the phase depth is around 2π 
[12], and so we can obtain the surface profile using de Fermi-Dirac function without 
ambiguities. 

In Fig. 5(a), it is possible to see clear and important variations in the diffracted intensities 
due to species diffusion. The figure represents the relaxing process of a grating with spatial 
period of 0.672 mm when the exposition stops after 16 s. The shape grating evolution is 
depicted in Fig. 5(b), where the smoothing of the edges is clearly appreciated; we can also see 
the decreasing of the shrinkage due to species diffusion from the dark zones to bright ones. 
This variation is small due to the size of the spatial period analyzed. To observe the effects of 
the species diffusion clearly, we studied surface gratings with a spatial period of 0.168 mm. 

 

Fig. 5. - Gratings a with spatial period of 0.672 mm in the reflection case. (a) Diffraction 
intensities of the first 4 orders. (b) Estimated profiles for different exposure times. Exposition 
stops at 16 s. 

Shrinkage and swelling in photopolymers have been discussed by many authors [14–18]. 
It is well known that shrinkage occurs when monomer molecules begin to link forming chains 
of polymer, compacting the layer and decreasing the holes size. On the other hand, the 
monomer and dye diffusion from the dark zones to bright ones (where they are consumed) 
contributes to the swelling. At very high spatial frequencies, it is difficult to prove the 
swelling and only the average shrinkage of the illuminated area can be measured. At lower 
spatial frequencies using the grating analysis we can determine accurately the importance of 
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diffusion in surface volume changes. To obtain a deep insight into the influence of species 
diffusion on the surface relief we have analyzed the grating profile evolution for gratings with 
a period of 0.168 mm. The grating was exposed during just 16 s. We have evaluated the 
changes in the surface grating when the exposition stops. In Fig. 6(a), we represent the 
variation of the diffractive efficiencies of the 4 first orders during and after exposition. As can 
be seen when exposition finishes, at 16 s, the diffracted energy is concentrated in 0 order 
(90%), and the higher orders are weak (less than 4%). To analyze the phenomenon that 
generates this behavior we have evaluated the evolution of the refractive index. In Fig. 6(b), 
we present the profiles for six different exposition times. Firstly, we have obtained the profile 
when the recording is stopped (after 16 seconds), the phase depth is around 2π. Afterwards the 
phase depth starts to decrease and after 90 s the surface grating is very weak (according to the 
process followed in ref [12], 0.2π radians phase depth corresponds to thickness amplitude of 
20 nm), in other words, the volume differences between bright and non illuminated areas have 
reduced due to the species diffusion inside the material. Later, the depth of the grating begins 
to grow again due to the material addition from the dark zones to the illuminated ones. At this 
point we have measured the swelling of the illuminated areas as mentioned by Babeva et al. 
[18]. The exact time when shrinkage disappears depends on the exposition time and on the 
spatial frequency recorded. This important fact must be taken into account in the models of 
image formation in photopolymers. 

 

Fig. 6. - Gratings with spatial period of 0.168 mm in the reflection case. (a) Diffraction 
intensities of the first 4 orders. (b) Estimated profiles for different exposition times. Exposition 
stops at 16 s (we give the absolute value for phase depth). 

3.3 Diffusion estimation 

From the analysis about the grating surface evolution after exposure carried out in the last 
section, we have obtained qualitative and quantitative information about species diffusion 
inside the material. Recent work [18] has proposed one simple method to calculate diffusion 
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values based on Fick’s law [19] recording only one single spot. The study consists in the 
variation of the profile shape for different spot sizes (the diameter of the spots are around 50 
µm). The temporal variation of monomer concentration ( ),( txm ) is expressed as a function 

of the spatial variations of monomer diffusion ( ),( txD ) and monomer concentration and can 

be written as: 

 





∂

∂
∂
∂
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∂
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 (3) 

During the short exposition process there exists shrinkage due to the polymerization. Once 
exposition stops, in reference [18] the height of the profile, (h), is proportional to the 
monomer concentration. In the case presented in our work we have a periodic structure and 
few hours after the exposure, when the monomer is again uniformly distributed we have the 
polymer underlying profile. Therefore in our experiments ),( txh is given as: 

 )(),(),( xpVtxmVtxh pm +=  (4) 

Where Vm is the molar volume of monomer and Vp is the molar volume of polymer and 
p(x) is the polymer concentration. Therefore the measured volume variations, ),( txh∆ , 
observed in the grating profile after expositions can be written as: 

 ))(),(()(),(),( 000 xmtxmVxhtxhtxh m −=−=∆  (5) 

Where )(0 xm and )(xp are the monomer and polymer concentrations when illumination 

stops (time independent) and in the first attempt unknown. In other words, after exposition, 
the h variations are proportional to the monomer variations. 

In this sense, to solve the Fick’s law (Eq. (3)) after a periodic illumination we have 
proposed the following model. Due to the exposition a monomer concentration distribution is 
generated inside the photopolymer ( ),( txm ). Exponential decay (increase) of monomer 

concentration in the non-exposed (exposed) zones due to monomer diffusion (as we have 
depicted in Fig. 7) begins when the exposition stops to achieve the average value of the 
residual monomer (mf) , corresponding to the point when the monomer diffusion eventually 
stops due to uniform monomer distribution. 

 

Fig. 7. Variation of amplitude of monomer concentration as a function of time after exposure in 
the exposed zones and non-exposed ones. 

In this sense we can describe the monomer concentration as: 
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where the monomer modulation is )(xm∆  and τ is the characteristic time of monomer 
variation and can be calculated by fitting the h variation with time [13,20]. When we 
introduce this expression in Eq. (3) we obtain: 
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In a first approximation we can assume a sinusoidal distribution of the modulation of 
monomer concentration and for the illumination (I): 
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whereΛ is the grating period. This assumption makes sense just for very short exposures and 
sinusoidal distribution of the recording intensity. Therefore the Eq. (7) can be rewritten as: 
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We obtain a first order differential equation, inhomogeneous, with constant coefficients, 
therefore the general solution is: 
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It is important to note the simplicity of the Eq. (11), only two parameters determine the 
value of D: Λ and τ. In the case analyzed in this section the exposition time is 16 s and the 
exposure intensity is 0.5 mW/cm2. Therefore polymer concentration is small and we can 
assume that D is spatially independent. 

 
τπ 2

2
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Λ
=D   (12) 

In our analysis about the evolution of h in time, we have noted that the profile modulation, 
∆h, achieved becomes time independent, after a time range of hours to few days after 
exposition. The approximation to this value is exponential. Next we show how we can obtain 
the value for the parameter τ, needed in Eq. (12), from the fitting of the temporal variation for 
∆h. If we combine Eq. (5) and (6) we obtain: 

 







−






 −∆=∆ 1exp)(),(
τ

t
xmVtxh m  (13) 

This value tends asymptotically (in practice in a few hours) to the value: 

 )(),( xmVtxh m∆−=∞→∆  (14) 

Thus, Eq. (13) can be rewritten as: 

 ( )τttxhtxhtxh −∞→∆=∆−∞→∆ exp),(),(),(  (15) 

If we apply the logarithm to the both sides of the expression, we obtain: 
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 ( ) ( ) τ
ttxhtxhtxh −∞→∆=∆−∞→∆ ),(ln),(),(ln  (16) 

We note that to derive Eq. (16) we have not assumed any specific profile for ∆m(x). To 
analyze the relation between h and phase depth, it is important to note that the variation in the 
phase depth when exposure stops is due to the species diffusion from the dark zones to bright 
ones. The movement of monomer from the dark zones to bright ones creates shrinkage in the 
dark zones and swelling in the bright ones. 

In order to determine the value of τ  and ∆h, we have fit the experimental values obtained 
from Fig. 6 (one grating recording during 16 seconds). We have applied this Eq. (16) at x=0, 
where illumination takes the maximum value. We have studied the evolution of the diffraction 
efficiency during 9 days in order to estimate an accurate value of the limit of )( ∞→∆ th . It 
is important to remark that in our case, this limit is different to zero in opposition to the data 
related in other experiments using PVA/AA based materials [18]. In Fig. 8 we represent the 
fitting used to calculateτ . The value of R2 represented in this figure shows the agreement 
between the experiments and the theoretical behaviour assumed. Using the data from Fig. 8 

we obtain the following values: s625=τ and 128101.1 −−⋅= scmD this value agrees with 
the values of reference [13]. 

 

Fig. 8. - Logarithm of variation of h as a function of time for a grating with a spatial period of 
0.168 mm. 

The results obtained show that this method is a direct and efficient method to characterize 
diffusion properties in photopolymerisable systems. It is interesting to note that the obtained 
value of D in reference [18] is quite large, which explains why the spots disappear after 300 s. 
Maybe this difference is due to the different composition and the laboratory conditions during 
dried process. 

Conclusions 

Based upon experimental data and novel theoretical simulations (analyzing the material 
behaviour during in dark evolution) a thorough analysis of PVA/AA materials is presented. 
We have analyzed different spatial frequencies both measured in transmission and in 
reflection. This work allows us to eliminate many assumptions so as to obtain the species 
diffusivity inside the material. Furthermore if the diffusion phenomena are well predicted, it is 
possible to achieve diffractive gratings with very high values of diffraction efficiency in the 
first order (near 35%). We have checked that surface relieves remain stable several weeks 
after the recording process. This is an important preliminary step to build diffractive elements 
with stable properties with PVA/AA photopolymers. On the last place we have proposed a 
new method to model and measure the average monomer diffusivity in photopolymers. The 

value obtained for the PVA/AA photopolymer used in this work is 128101.1 −−⋅= scmD . 
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