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Abstract: The development of suitable recording media for applications
such as holographic optical elements and holographic data storage are of
significant research and commercial interest. In this paper, a photopolymer
material developed by Bayer MaterialScience is examined using various
optical techniques and then characterised using the Non-local Photo-
polymerization Driven Diffusion model. This material demonstrates the
capabilities of a new class of photopolymer offering high index modulation,
full colour recording, high light sensitivity and environmental stability. One
key result of this study is the material’s high spatial frequency resolution,
indicating a very low non-local effect, thus qualifying it as a very good
storage medium.
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1. Introduction

In recent decades, various media have been studied and developed for use in applications such
as, holographic optical elements, holographic data storage [1-12], and hybrid photonic
circuits [13-16]. Photopolymers are one of the most promising media of choice for such
applications due to their versatility, ease of use, potential to be cast into thick layers having,
environmental stability and self-processing ability. Such characteristics give them many
advantages over more traditional materials examined in the literature, such as silver halide
and di-chromated gelatine DCG [17,18]. In 1969 Close et al. [19] first introduced
photopolymers as a potential holographic recording medium. Since then numerous systems
have been examined and developed, but only a small number have become commercially
available [8,9].

Recently, Bayer MaterialScience AG (BMS) [20], developed an acrylate based
photopolymer material [21], suitable for many applications including the fabrication of optical
lenses, mirrors, filters, waveguides, diffraction elements and other 3D image structures. Such
acrylate photopolymer materials show great potential as holographic media owing to the high
values of refractive index modulation and thus diffraction efficiency achievable. The BMS
material that was investigated in this study represents one of many different photopolymer
materials available for research and development purposes. Specifically this composition was
designed to achieve high diffraction efficiency at ~50 um film thickness for reflection
recording geometries. This specific photopolymer film is of special interest in applications
where a high spatial frequency and/or angle selectivity is required.

It is one of the aims of this paper to determine the suitability of this BMS photopolymer as
a storage media. This is achieved by applying various optical and theoretical techniques,
which have previously been presented in the literature [22-31]. The Non-local Photo-
polymerisation Driven Diffusion (NPDD) model [29-32] is used in order to extract estimates
of key material parameters from experimentally obtained data. These methods and results
provide a quantitative basis to enable standardised comparisons to be made with existing and
future recording media.

In order to place the performance of the BMS photopolymer in context, results for a well
known acrylamide/polyvinylalcohol (AA/PVA) based photopolymer material [17, 28-33] are
determined under equivalent conditions. In this way, the behaviour of key material parameters
and characteristics can be highlighted.

The paper is structured as follows: In Section 2 the photochemical reactions, which occur
during and post-exposure in photopolymers, are succinctly presented. Following this, the
NPDD model used to evaluate the performance of the materials under examination is
described based on these photochemical reactions. In Section 3 the composition, volume
fractions and individual refractive indices of the main components of the BMS and AA/PVA
photopolymers are presented. Section 4 describes the experimental procedures undertaken to
quantify the relative performances of each of the materials being examined. From the various
results obtained, values of the parameters which govern the behaviours of these materials are
extracted using the NPDD model. The spatial frequency responses of both photopolymer
materials are then examined and estimates of the non-local response length are provided based
on fits to the experimental data. In Section 5 an overview of the results obtained and a brief
conclusion are presented.

2. NPDD model
2.1 Photochemical Reactions

In 2009 a detailed review of the literature examining the modeling of the processes occurring
during photo-polymerization was presented [33]. In this work, many of the assumptions made
and limitation of models were discussed. In a series of papers [29-31], a number of these
outstanding issues were dealt with through suitable extensions of the NPDD model. Crucially,
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these developments yielded increased physicality, enabling a more accurate examination of a
photopolymer material to be achieved. The availability of such a standardized method of
quantitatively determining a given photopolymer’s characteristics, allows more detailed direct
comparison between different photopolymers, and provides a tool facilitating material
optimization and improvement.

The photochemical reactions, which form the basis of the most recent NPDD model, are
described in the flowchart presented in Fig. 1. These processes are separated into three main
categories, Initiation, Propagation and Termination [34].

- ~ - ~
P/ Dye ‘,L..,’ Dye* Fan Leuco
N ~ A=

Scavenged

Scavenged

' M, ) ki o| Dead
™ - - ‘ Ml‘l.
] K »| Dead
R

Fig. 1. Flowchart of the photochemical mechanisms, which take place during photopolymerisation.

In the flowchart, Av indicates the energy absorbed from a photon, Dye represents the
ground state photosensitizer concentration, “Dye* is the excited triplet state photosensitizer
concentration, CI is the co-initiator concentration, R’ is the primary radical concentration,
HDye' represents a radicalized dye molecule, M is the monomer concentration, Z is the

inhibitor concentration, M| is a macroradical of length one, and M is a growing polymer

chain with an active tip [34].

It is assumed that the term Dead signifies the cessation of the growth of a propagating
macroradical [34], while the term Scavenged signifies the removal of a primary or macro-
radical by an inhibitor, such as dissolved oxygen. k, and k, (s™') are the rates of excitation and
recovery of the photosensitizer respectively and are assumed to contain all kinetic
mechanisms involving the transferral of, Dye, to and from, *Dye*, such as intersystem
crossing, fluorescence etc [28]. The rate constants associated with each of the chemical
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reactions presented in the flowchart, ki, ky, ki, ki, Ka, ko, ky1, ki, k3 (cm3mol_ls'1) are the rate
constants of initiation, propagation, bimolecular termination, primary termination,
dissociation, bleaching and inhibition respectively.

In order to use the proposed rate equations of the NPDD model, which are presented in
Subsection 2.2, it is first necessary to convert the exposure intensity I, (mW/cm?), for use in
the model, to the appropriate units of Einsteins/cm’s. This can be achieved as follows,

I,BI,( 2 . . . .
= , where A (nm) is the wavelength of incident light, N, (mol ") is

0 d \ N,hc
Avogadro’s constant, ¢ (m/s) is the speed of light, and i (Js) is Plank’s constant.

B=1-¢"" is the absorptive fraction which determines a photopolymer material layer’s
initial absorptive capacity and is a function of the dye’s initial concentration, A, (mol/cm?),
molar absorptivity, ¢ (cmzlmol) and the material layer thickness, d (cm) [32]. Ty is a fraction
which represents the amount of light lost from scatter and Fresnel reflections.

The rate of production of the excited state photosensitizer, appearing in Fig. 1 can thus be

represented by k, = gedl, (s™"), where ¢ (mol/Einstein) is the quantum efficiency of the

reaction [32]. Therefore, if the photosensitizer’s initial concentration, molar absorptivity,
quantum efficiency, and layer thickness are known, the rate of generation of excited state
photosensitizer, *Dye*, can be determined for a given exposure intensity. The experimental
methods used to obtain estimates of these parameters will be discussed later in Section 4 for
both the BMS and the AA/PV A photopolymer materials examined here.

2.2 Coupled Differential Equations

During holographic illumination, there is a spatial distribution of irradiance, which in the case
under examination in this paper is assumed to be typically co-sinusoidal. In this instance the

incident intensity can be represented as I(x,7)=1I, {1+Vcos(Kx)} , where V is the fringe

visibility and K = 2n/A, where A is the grating period. The mechanisms, which are presented
in the flowchart in Fig. 1, can therefore be represented by a set of coupled differential
equations, which contain both spatial and temporal variations of the concentrations of the
components which makeup the materials.

The first order coupled differential equations representing the initiation processes
presented in Fig. 1, are:

dDye (x,t)

0 :—kaDye(x,t)+k,_3Dye*(x,t), €))]

3 *
LD . Do)k, Dye’ (1)

dt @
—k,*Dye" (x,t)CI (x,t)—k_’Dye" (x,t)Z(x,1),
dC[d(tx,t) — k' Dye’ (x,t)CI(x,t) — k,HDye" (x’t)CI(X,t), 3)
'HDye"® ,
D) ) Dy (1)l ()~ D3 () Cl (k). (&

dt

As in the previous analyses [30-32], it is assumed that the effect of inhibition during
exposure is due solely to dissolved oxygen which is initially present within the photopolymer
layer and oxygen which may diffuse in from the surrounding environment. In reality the
chemicals, which constitute the photopolymer material may contain various additives, which
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are added to increase shelf life. These stabilising components also have inhibiting properties
however these are neglected in this analysis.

The non-uniform recording irradiance, i.e., the co-sinusoidal exposing intensity
distribution produces photochemical reactions which cause concentration gradients resulting
in the diffusion of inhibiting oxygen from the dark non-illuminated regions to the bright
illuminated regions. As oxygen molecules are small compared to the surrounding material, it
can be assumed that the oxygen is relatively free to diffuse rapidly, resulting in a one-
dimensional standard diffusion equation governing the inhibitor concentration,

dZ(x,t) _i D dZ(x,t)
- ° dx

A de }"zlsDye* (x:1)Z (%)
ko Z(x )R (x0) =k Z ()M (1) +7.[ 2, = Z (x1)]

5)

where Z is the instantaneous inhibiting oxygen concentration and D, is the diffusion
coefficient of oxygen in the material layer, which will be assumed to be time and space
independent. 7, represents the rate of replenishing of oxygen from outside the material layer.
We note that it is assumed that the oxygen concentration in the layer can never be larger than
the original dissolved oxygen concentration, Z, (mol/cm’) and that this additive term is
assumed to be independent of position [32].

As in the previous analyses in the literature it is assumed for simplicity that, k , =k, =k,

[30-32], although in general it would be expected that the inhibition rate constants would
have different values (of reactivity) due to the differences in the relative molecular size [34].
Furthermore it is expected that the reactivity of oxygen with the excited triplet state form of
the photosensitiser will be much lower, i.e., k,; << k,, and therefore we assume it is negligible
in this analysis, i.e., k,; = 0. As was previously assumed the inhibition rate constant can be
expressed as [30-32],

k., =k_,exp(—E,/RT), (6)

where in this equation &, (cm3m01_ls'1) is the Arrhenius pre-exponential factor, E, =
18.23x10° (Jmol™") is the activation energy of oxygen, R = 8.31 (JK 'mol™") is the universal
gas constant, and 7 (K) is the ambient temperature.

The equation governing the concentration of primary radicals, including the newly added
term for primary radical generation [32], is given by

W: kd3Dye*(x,t)CI(x,t)—kiR° (x,t)u(x,t)

(7
—k,I,R° (x,t)M' (x,t)—kZR' (x,t)Z(x,t),

where u(x, t) is the free-monomer concentration, (denoted earlier in the flowchart by M). This
equation states that the rate of change of primary radical concentration is equal to the
concentration of primary radicals generated by photon absorption, less the amounts removed
by the initiation of macroradicals, primary termination with growing polymer chains, and
inhibition by dissolved oxygen.

Incorporating both types of termination mechanism presented in Fig. 1, i.e., primary and
bimolecular termination, the equation governing the temporal and spatial macroradical
concentration is then given as,

dM* (x,t . . 2
#:IQR (x,t)u(x,t)—k, [M (x,t)] @)
—k,,,R. (x,t)M' (x,t)—kZZ(x,t)M' (x,t),
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where the squared term represents the effects of bimolecular termination. The generation term
in this equation previously appears as the removal term due to macroradical initiation in Eq.
).

In the same manner as discussed above in relation to the inhibitor, the non-uniform
irradiance distribution creates monomer concentration gradients, and as a result monomer
diffuses from the dark regions to the monomer depleted exposed regions. This results in a
periodic polymer concentration distribution, and a modulation of refractive index in the
material, i.e., the holographic grating. We represent the monomer concentration using the
following 1-D diffusion equation,

n) ] o) 2 | () n) o

_,[ik”M. (x',t)u(x',t)G(x,x')dx',

where D, (x, f) represents the monomer diffusion. G(x,x’) is the non-local material spatial
response function given by:

G x") = exp| )| (10)

where o is the constant non-local response parameter normalized with respect to the grating
period, A [29]. This non-local spatial response function represents the effect of a chain
initiation at location x” on the amount of monomer polymerized at location x [29-32]. This is
an important parameter when considering the data storage capacity or recording resolution of
a photopolymer. These materials high spatial frequency responses will be addressed later in
the paper.

One point to note is that the non-local response of a given photopolymer is produced by a
combination of several physical effects, which result in the smearing of the grating being
recorded in the photopolymer. One such smearing effect is the growth of polymer chains
away from the point of their initiation, into the dark less exposed regions of the material layer.
This propagation out of the bright regions causes an increase in the average refractive index of
the dark region and as a result, reduces the overall refractive index modulation achievable.
This has been illustrated in discussed in detail in previous publications [30-32,35], and is
more significant when recording high spatial frequency.

The equation governing the polymer concentration is given by,

dN (x,t ® el . ) . d dN (x,t
#:jwk,ﬂ (v )u(x1) G () di —E[DN(x,t)#}, (an

where Dy(x, f) represents the polymer diffusion. As with the monomer, Eq. (9), the non-
uniform irradiance creates a polymer concentration distribution. If the polymer chains are not
cross-linked sufficiently, they will tend to diffuse out of the exposed regions in order to
reduce the polymer concentration gradient. If this takes place the grating strength will decay
with time. However in this study, as is evident from the experimental results presented later,
we assume there is sufficient cross-linking so that Dy(x,f) = 0, i.e., the gratings recorded are
stable.

We note at this point that it is assumed that both the primary and macro-radicals generated
during exposure are consumed so rapidly that there is insufficient time for them to diffuse
away from their point of initiation. It is for this reason that we have not added diffusion terms
in Egs. (7) and (8).
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Since all the above equations presented, i.e., Egs. (1-5), (7-9) and (11) are derived
assuming a cosinusoidal spatial distribution of the exposing intensity, they will all be periodic

even functions of x and can be written as Fourier series, i.e., X (x,1)= in (r)cos( jKx),
=0

where X represents the species concentrations, Dye, *Dye*, CI, HDye', R', M’, u, N and Z.

A set of first-order coupled differential equations can then be obtained by gathering the
coefficients of the various co-sinusoidal spatial frequencies and writing the equations in terms
of these time varying spatial harmonic amplitudes [30-32]. These coupled equations are then
solved assuming the following initial conditions:

Z,(t=0)=Z,, Dye, (1 =0) = Dye,, CI,(1=0)=CI,, u, (1 =0) =U,,
Dye, (t = O) ="Dye, (r= O) = HDye ., (t = O) =CI,, (t = O) =0, and (12)

n20
Z, ,(t=0)=R (t=0)=M,, (1=0)=N,,(1=0)=0.

As in previous papers [29-32, 35], the equations governing the monomer and polymer

harmonics include the effects of the non-local response parameter G(x,x’), represented in the

coupled differential equations by S, = exp(—i2K el 2) )

3. Photopolymer materials

In this section the volume fractions and associated refractive indices of the main components
of the BMS and AA/PVA photopolymer materials are presented. It is necessary to obtain
these values so that the temporal evolution of the refractive index modulation can be predicted
using the Lorentz-Lorenz relation [26, 27, 30-32, 35], which is discussed later in the results
section. Full details of the preparation and fabrication procedures of the BMS and AA/PVA
photopolymers are provided in [21] and [28] respectively and will not be repeated here.

3.1 Volume fraction analysis

As described in [26, 27, 30-32, 35], the Lorentz-Lorenz relation can be used to determine the
variation of the refractive index of the photopolymer. In order to do so, the volume fractions
and refractive indices of the individual components of the photopolymer must be known. By
making the assumption that the overall volume of the material is conserved, (in itself a topic
of debate in the literature [33]), the volume fraction of each component can be expressed as

@ =xv, / Zixivl., where x; is the mole fraction and v; is the molar volume of the i"

component. In this case,
¢ (1) + 4" (1) +¢4" (1) =1, (13)

where ¢, ¢'” and ¢ are the respective volume fractions of the monomer, polymer and

background material. For both of the photopolymers analyzed, it is assumed that the
background material consists of the respective matrix binder, co-initiator and photosensitiser.
The volume fractions and concentrations (mol/cm®) of each of the components which
constitute the BMS photopolymer are presented in Table 1.

Table 1. Volume fractions and concentrations of the main components of the BMS
acrylate photopolymer material. Concentration of matrix unavailable.

Component Volume Fraction Concentration
(mol/cm®)
Monomer 0.2500 3.08x107*
Matrix 0.7467 -
Dye 0.0003 8.55x107
Co-initiator 0.0030 4.20x107°
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The corresponding values for the AA/PV A photopolymer are presented in Table 2.

Table 2. Volume fractions and concentrations of the main components of the
acrylamide/polyvinylalcohol photopolymer material. Concentration of matrix

unavailable.
Component Volume Fraction Concentration
(mol/cm®)
Monomer 0.1720 2.83x107°
Matrix 0.3326 -
Dye 0.0011 1.22x10°°
Co-initiator 0.4942 3.28x10°°

One of the key differences between the two materials being examined is the matrix. In the
BMS system, a two-step polymerization process is used. The first polymerization process
involves thermally curing the binder (matrix), which then hosts the other components of the
material, in a stable network (rigid layer). This network yields a number of advantages such
as: (i) Minimizing volume fluctuations, i.e., < 1.1% shrinkage, (ii) Increasing the validity of
the assumption made in Eq. (13), that volume is conserved during and post photo-
polymerisation; and (iii) Reducing detrimental environmental effects such as humidity and
inhibition as the layers can be sealed. The second polymerization process in the acrylate
system is photo-polymerization which enables the holographic recording.

In the AA/PVA material, the matrix is more gel like and consequently not as rigid as the
BMS system. This matrix therefore offers significantly reduced stability and suffers from
large material shrinkage as a result of polymerization and mass transport effects [36]. This
network is also susceptible to environmental effects and so procedures such as cover-plating
(sealing the material with a cover layer) are crucial [33].

As mentioned earlier, much work has been presented in the literature with the aim of: (i)
reducing the effects of material shrinkage [37], and (ii) developing a model which accurately
predicts the changes associated with these shrinkage effects [38]. However, in the analysis
presented in this paper, involving the recording of unslanted transmission type gratings for
which volume variations will have a minimal effect, we neglect thickness changes and assume
that volume is conserved.

3.2 Indices of refraction

In order to obtain accurate values for the refractive indices of the components of both
materials under examination we utilised a number of methods. In order to determine the
refractive index of the BMS photopolymer before and after thermal curing, 100 - 300 nm
thick samples were made by spin coating the material on quartz glass substrates from dilute
solution in Butyl Acetate. The transmission and reflection spectrum of each layer was
measured using a spectrometer, and the layer thickness and the spectral curve of refractive
index were then estimated from the measured transmission and reflection spectra. This
automatic processing of the measured data required that the refractive index of the quartz
glass substrate be known and this was determined separately by performing a blank
measurement. The resulting value for the material’s refractive index before flood curing, n,"®
is presented in Table 3.

Table 3. Refractive indices of the main components of the BMS acrylate photopolymer material.

Component Refractive Index
i 1.575
Np@589nm 1.482
nsbfc 1.498
ns(lfc (ndark) 1.503
p@uv 1.590
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The same procedure was carried out in order to obtain the refractive index of the material
after thermal flood curing, nsafc, which is also referred to as, ngay, see Table 3. ng, represents
the refractive index of the acrylate photopolymer material before exposure.

As stated earlier, the acrylate photopolymer material consists of four main components, a
photosensitiser, a co-initiator, a monomer and a binder, see Table 1. Since the volume
fractions of the co-initiator and photosensitiser are small in comparison to that of the
monomer and the matrix binder, their contribution is treated as being part of the background
material. Therefore, only the refractive indices of the monomer, background and polymer,
(which were measured using a refractometer), are presented. These values are listed in Table
3, where n, is the refractive index of the monomer, n, is the refractive index of the
background (matrix with residual components), and n, is the refractive index of the
polymerised monomer.

Using the method described in [30, 35], the refractive indices of the main components of
the AA/PV A photopolymer were measured and are listed in Table 4. All measurements were
carried out at A = 633 nm which is the replay probe beam wavelength used to monitor grating
growth in Section 5.

Table 4. Refractive indices of the main components of the AA/PVA photopolymer material.

Component Refractive Index
Nm 1.472
Nb@633nm 1.496
Ndark 1.498
np@(,33ﬂ 1 5 20

Having obtained the volume fractions and refractive indices of the various components
which constitute each of the materials under examination, it becomes possible to determine
the temporal evolution of the refractive index modulation of the gratings recorded. However,
in order to accurately predict the response of each material to a given holographic exposure, it
is necessary to first examine each material’s absorptive behaviour.

4. Experimental and theoretical analysis

In this section we present the various experimental and theoretical procedures taken, in order
to make meaningful comparisons between the two photopolymer materials under
examination. Although the photo-kinetic processes which take place during holographic
exposure occur simultaneously, we begin by separately measuring each physical process
using different optical techniques and then analyse them independently. In this way, we can
quantify the behaviours of the different processes in the materials and isolate their individual
contribution to the formation of the holographic grating. Understanding the combined results
of these effects enables each material to be fully characterised. In this way, meaningful
quantitative comparisons can then be made between the photopolymer materials under
examination.

4.1 Experimental setup
4.1.1 Refractive index modulation

Figure 2 shows a schematic diagram of the experimental setup used to record and monitor the
temporal evolution of the refractive index modulation of the gratings being formed. As both
photopolymers under examination are self-processing (i.e., are non-latent), the diffraction
efficiency of the gratings can be measured during recording. Thus the formation of the grating
can be monitored using the intensity values from detectors D; and D, (in Fig. 2), by replaying
the grating as it is being recorded using weak probe laser beams of wavelength 633 nm
(HeNe), which lies outside the absorption spectrum of the photosensitizers used.
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Fig. 2. Typical experimental set-up used to record unlsanted volume transmission holographic
gratings with a recording wavelength of A = 532 nm.

Then, using Kogelnik’s two-wave coupled wave theory [22], the ratio of the incident and
diffracted probe beam intensities, i.e., the diffraction efficiency, #, describes the strength of
the grating modulation as its is being formed. For a lossless, unslanted transmission geometry
grating, replayed on-Bragg with TE polarized probe light, #(¢) is described by the following
equation:

Acosd

in

2 =20 g {””—(I)d} (14)

where [;, and Ip(f) are the incident and diffracted probe beam intensities respectively, d
represents grating thickness, 8 and A are the Bragg angle and wavelength of incident probe
beam inside the grating, and n,(¢) is the refractive index modulation (first spatial harmonic
amplitude). In deriving Eq. (14) all boundary reflections have been neglected.

Rearranging Eq. (14) enables an expression for the temporally varying refractive index
modulation, n,(#), obtained from 7(%),

n (1) sin’l[ n(1) } (15)

In order to accurately apply the NPDD model described in Section 2 we apply the
Lorentz-Lorenz relation using the volume fractions and refractive indices of each of the
material components presented in Tables 1 - 4. The temporal evolution of the refractive index
modulation can then be described by,

njark+22 2_1 2—1 2_1 2—1
n, (t):(6’1—)[@('")(I)(sz——nb—]-i'@(p)(t)[ " _n ]]’ (16)

__ Acos@

dark

where ¢1(m)(t) and ¢1(P)(t) are the time varying first harmonic volume fraction components of
monomer and polymer respectively. Our process to characterise the materials and estimate
parameter values involves generating these volume fraction components directly using the
NPDD model. Applying a least squares fitting algorithm, the difference between the
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experimentally obtained growth curve data and the predictions of the NPDD model are
iteratively minimized by allowing the ‘unknown’ parameter values to vary over physically
reasonable search ranges. From the resulting best fit, estimates are obtained for the various
kinetic rates which quantitatively describe the material’s performance.

In addition, by placing the photosensitive sample on a rotation stage (see Fig. 2), the
angular response of the grating, once it has been formed can be examined. From such
measurements the grating strength and the material thickness can be confirmed and the
grating uniformity discussed.

4.1.2 Absorption

All the results reported in this paper are for unslanted volume transmission type gratings.
During grating fabrication the temporal variation of the transmitted recording beams are
monitored using photo-detectors D; and Dy, as shown in Fig. 2. As discussed in Section 2.1
the absorption of the exposing light by the photosensitiser, and the subsequent production of
primary radicals, drives the photo-polymerisation process. In order to determine the quantity
of photons which are absorbed during recording we simply relate the fraction of the recording
beams transmitted to the total amount which is incident (corrected for Fresnel losses) [32].
Then by fitting the resulting normalised transmission curves using the model presented in
Section 2, estimates for the values of, ¢, ¢ and d can be made. Using these, the rate of
production of the excited state photosensitiser, k, (s’l), can then be determined.

4.2 Experimental results

A combination of the above experimental techniques was carried out to examine both the
AA/PVA and BMS photopolymer materials, for a range of exposure intensities and spatial
frequencies. In all cases a solid state crystal laser, A = 532 nm, and HeNe probe laser, 1 = 633
nm, were used, and the fringe visibility of the recording interference pattern was V = 1. The
growth curve data was then processed using Eq. (15) and the NPDD model was applied to
estimate various material parameter values. We now present the results for the two
photopolymers.

4.2.1 AA/PVA photopolymer

Growth curves of refractive index modulation were recorded in AA/PVA photopolymer for a
range of exposure intensities; I, = 1 mW/cm?, Ip =4 mW/cm?® and Iz =8 mW/cm?. During
each holographic exposure, the time evolution of: (i) the transmitted recording beams, and (ii)
the transmitted and diffracted probe beams, were monitored. In order to ensure experimental
reproducibility each recording was repeated several times. After each recording, the material
was allowed to rest in the dark for several minutes allowing post-exposure effects to take
place, (dark reactions: continued chain growth, diffusion etc.). The angular response of each
recording was then captured by rotating the material relative to the incident probe beam. This
process was then repeated for a range of spatial frequencies from, 500 < SF = 1/4 <3000
lines/mm.

The NPDD model, presented in Section 2, was then applied to fit the experimental data.
Table 5 shows the various dye absorption parameters extracted from fits to the normalised
transmission curve data recorded for the exposure of intensity I3 = 8 mW/cm?, for the spatial
frequencies examined. As can be seen from the table, there is good general agreement
between the values obtained for the absorption parameters at the various spatial frequencies.
These values are also consistent with those previously reported in the literature [28, 30-32,
35]. From the estimates obtained for the quantum efficiency and molar absorptivity, values for
the rate of production of the excited state photosensitiser, k, (s’l), were then obtained and are
also provided in Table 5. As k, is proportional to the exposure intensity used, its value
decreases for each of the lower exposure intensities used, i.e., Iy = 1 and 4 mW/cm?.
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Table 5. Parameters extracted from normalised transmission curves over a range of
spatial frequencies in the AA/PVA photopolymer material. I, = 8 mW/cm®

Spatial To Ty & k
S| 8 a
gfsg;::lfg (cfl):zl/?nz)l) (mol/Einstein) (cm*/mol s)
500 0.15 0.85 1421 0.035 0.1242
1000 0.16 0.84 1.430 0.035 0.1214
1428 0.16 0.84 1.359 0.035 0.1153
2000 0.18 0.85 1413 0.035 0.1182
2500 0.18 0.84 1.402 0.035 0.1155
3000 0.15 0.84 1.344 0.035 0.1158
Mean 0.160.02 0.84+0.01 1.394+0.05 0.035 0.1184+0.0058

The thickness of the material layers, d (um), was extracted from fits to the recorded
angular scan data using Kogelnik’s expression for Off-Bragg replay [22]. These thickness
values (d = 97 + 8 um) were then used to extract the refractive index modulation from the
diffraction efficiency using Eq. (15). The growth curves are fit then using the NPDD model.
Note that the change in the optical path length that the recording beams ‘see’ as a result of the
change in the incident angle, which occurs when the spatial frequency is increased, is fully
accounted for in the model.

Table 6 lists the extracted parameter values obtained for the AA/PVA material when the
growth curves were fit using the NPDD model for each of the spatial frequencies examined.
The spatial frequency values used are given in the first column along with the saturation
values of refractive index modulation achieved which are presented in square brackets. The
estimated parameters obtained from the fits are, the rate of dissociation of the initiator, k4, the
propagation rate, k,, the bimolecular termination rate, k;, the monomer diffusion rate, Dy, and

the nonlocal response length, Jo (nm). In all cases, it was assumed that the initiation and
propagation rates are equal, i.e., k; = k,. In essence this means that it is being assumed that the
rate at which a primary radical reacts with a monomer is the same as the rate a macro-radical
reacts with a monomer. This is not an unlikely scenario even when the relative sizes of the
molecules are considered [34]. We also make the assumption that the primary termination rate
kyp = 10 x k.. This relationship is assumed based on the results of previous best fits and lies
within the reasonable range of values indicated in the literature [34].

Examining the values presented in Table 6, it can be seen that there is no significant
change in the values obtained for the different spatial frequencies. It is important to note the
relative consistency of the values obtained for the monomer diffusion constant and the
nonlocal response parameter. In the case of monomer diffusion, the values extracted are very
much in agreement with the majority of estimates and measurements appearing in the
literature [30-32, 39, 40]. As has been observed this AA/PVA material, suffers significantly
from nonlocal effects. The mean value presented in Table 6 for the nonlocal response

parameter Jo ~61.3 nm, which is consistent with values previously presented [35]. In order
to indicate the quality of the fits achieved using these parameter estimates, Mean Squared
Error (MSE) values are provided in the right hand most column.
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Table 6. Parameters extracted from growth curves of refractive index modulation over a
range of spatial frequencies in the AA/PVA photopolymer material.

S]E‘n(li,?esm_];n) cmSI/c:nols cmSI/crl;lols cmertnols c?nlg;s ﬁ MS_I::(,
x107] (x10°) (x107) (x10°) (x10™) (1077
500 [2.07] 1.60 27 3.0 3.0 60 1.96
1000 [2.20] 1.61 23 3.6 10 68 1.64
1428 [2.36] 1.53 2.8 3.0 3.0 55 0.89
2000 [1.97] 1.60 22 3.8 2.0 60 1.09
2500 [1.56] 1.55 27 3.1 3.0 65 121
3000 [1.38] 1.58 2.6 32 3.0 60 272

Mean 1.58+0.05 2.60.4 33405 25615 6167  1.59+1.13

Figure 3 demonstrates the consistent quality of the fits obtained. Three growth curves for
exposure intensities are, I, = 1 mW/cm® (red triangles), Iy, = 4 mW/cm® (green squares) and
Ips = 8 mW/cm® (blue dots) are presented for gratings recorded at a spatial frequency of 1428
lines/mm. The corresponding prediction of the NPDD model using the best fit parameter
values listed in Table 6 are also shown. As can be seen, there is close agreement between the
experimental data and the NPDD model predictions.
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Fig. 3. Growth curves of refractive index modulation recorded in the AA/PVA photopolymer
for three recording intensities: Ip; = 1 mW/cm® (red triangles), Ip, = 4 mW/cm? (green squares)
and Io; = 8 mW/cm? (blue circles).

4.2.2 BMS photopolymer

Performing the analogous experiments to those described above in Section 4.2.1 for the
AA/PVA case, the BMS photopolymer is examined. Growth curves of refractive index
modulation are recorded and monitored for the same three exposing intensities, I, = 1
mW/cm®, 4 mW/cm® and 8 mW/cm?, for the same range of spatial frequencies, 500 — 3000
lines/mm. The transmitted recording beams are monitored, normalised and fit to characterise
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the dye used. Table 7 lists some of the absorption related parameter values extracted from fits
to these transmission curves recorded for an exposure intensity of I, = 8 mW/cm” at various
spatial frequencies.

Table 7. Parameters extracted from normalised transmission curves over a range of
spatial frequencies in the BMS acrylate photopolymer. I, = SmW/cm’.

Spatial To Ty 3 k
Frequency (x10%) 4 . 3,0
(lines/mm) (em*/mol) (mol/Einstein) (cm’/mols)

500 0.71 0.92 1.165 0.75 0.654
1000 0.70 091 1.180 0.80 0.707
1428 0.70 0.90 1.130 0.80 0.645
2000 0.69 0.90 1.150 0.80 0.689
2500 0.69 0.90 1.109 0.83 0.689
3000 0.71 091 1.116 0.80 0.637

Mean 0.700.01 0.91+0.01 1.14120.039 0.80+0.05 0.670+0.037

It can be seen from the table that the estimated parameter values do not vary appreciably
as the spatial frequency varies. The average material layer thickness extracted was found to
be, d = 26.5 £ 1.5 um, which is approximately one quarter the thickness of the AA/PVA
samples (um), but the molar absorptivity, ¢ (cm*”mol) is very similar. Interestingly the
average value obtained for the rate of production of the excited state photosensitiser, k, (s™),
is almost six times faster than the rate observed in the equivalent AA/PVA case for the same
exposure intensity, (8 mW/cm?). This appears to be as a result of this material’s high quantum
efficiency, ¢ = 0.8 (mol/Einstein).

The parameter values extracted from fits to the growth curves recorded at the same spatial
frequencies are listed in Table 8. For consistency, and to make meaningful comparisons
between the two photopolymer materials, the values provided in Table 8 are for fits to growth
curves recorded with I, = 8 mW/cm?, as is the case in Table 6 for the AA/PVA material.

Table 8. Parameters extracted from growth curves of refractive index modulation over a
range of spatial frequencies in the BMS acrylate photopolymer material.

SF (lines/mm) Jea Jey J Do Vo MSE
(%107 cm’/mols cm’/mols cm’/mols cm’/s (nm) (x1071)
m (x10°) (x107) (x10%) (x107)
500 [2.90] 1.0 2.0 45 2.20 9.0 222
1000 [5.00] 1.0 1.9 42 2.00 9.0 1.23
1428 [7.10] 0.9 2.1 5.0 1.90 10.0 2.10
2000 [7.20] 12 22 44 2.10 11.0 3.40
2500 [8.50] 0.8 1.6 4.8 221 8.0 1.80
3000 [8.86] 1.1 2.1 4.4 1.87 8.0 3.11

Mean 1.0+0.2 1.98+0.38 4.5520.45 2.5:1.5 9.2:1.8 2.31+1.09

Examining the results obtained for each photopolymer, there is little variation between
parameter estimates extracted for different spatial frequencies. However, significant
differences do exist between the extracted parameters for the different materials; see Table 6
and Table 8. First, we note that the mean value for the rate of dissociation of the initiator, k4
acrylae = 1.0 X 10° (cm3/m01 s) which is two orders of magnitude larger than the equivalent
value in the AA/PVA case, i.e., kg s = 1.58 x 10° (cm3/m01 s). Considering this and the
estimates obtained for the rate of production of the excited state photosensitiser, k,, in the
BMS material, it is clear that the initiation processes present in the BMS photopolymer are
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significantly faster than those in the AA/PVA material and will therefore generate primary
radicals at a much higher rate, (see flow chart in Fig. 1).

Second, we note that the BMS propagation and termination rates are of the same order of
magnitude as those estimated for the AA/PVA material. These results are consistent with the
kinetic rate constants reported in the literature for acrylates and acrylamide type monomers
[34].

Third, the values obtained for the monomer diffusion coefficient D, (cm2/s) in the BMS
material are an order of magnitude faster than the equivalent values obtained for the AA/PVA
material. This relatively fast diffusion rate implies that monomer will diffuse more rapidly
into the bright (monomer depleted) regions of the interference pattern during exposure,
replacing monomer already polymerised and resulting in an increase in the concentration of
polymer formed and hence an increase in the first harmonic of refractive index modulation
generated. This increase in modulation achievable is also aided by the fact that the refractive
index of the acrylate monomer, n,,, is much larger than the background refractive index of the
material, ny, (see Table 3). Therefore, in contrast to what happens in the AA/PVA case, in the
BMS case the migration of the monomer out of the dark regions of the interference pattern
produces a reduction in the average refractive index in the dark regions. This is accompanied
by a corresponding increase in the average refractive index of the bright regions, resulting in
two simultaneous effects contributing to an increase in the refractive index modulation.

We examine the growth curves and theoretical fits presented in Fig. 4. These have been
recorded with exposure intensities Iy = 1 mW/cm? (red triangles), 4 mW/cm? (green squares),
and 8 mW/cm® (blue dots) at 1428 lines/mm in the BMS photopolymer. We note that the
dosage required to reach refractive index modulation saturation is considerably less than for
the equivalent AA/PVA growth curves which are presented in Fig. 3. This is consistent with
the extracted parameter values, which indicate that the acrylate photopolymer’s photo-
initiation behaviour and diffusion rates are much faster than those of the AA/PV A material.
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Fig. 4. Growth curves of refractive index modulation recorded in the BMS photopolymer for
three recording intensities: Ip; = 1 mW/cm? (red triangles), Ip = 4 mW/cm? (green squares) and
Iy = 8 mW/cm? (blue circles).

It can be seen from Fig. 4 and Table 6 (first column) that the corresponding refractive
index modulation achieved for each intensity and spatial frequency using the BMS material, is
much larger than that obtained for the AA/PVA photopolymer. The two major factors
contributing to this are the relative refractive indices of the components that constitute the
materials (see Tables 3 and 4) and significantly the values obtained for the non-local response
parameter.
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In Table 6 we see that the estimated mean value obtained for the nonlocal response

parameter is Jo =9.2 nm. This value is over six times smaller than the mean value extracted
for the AA/PVA photopolymer. This has important consequences, and we recall the
prediction of the NPDD model, that a reduction in the extent of the non-local effects in a
photopolymer will result in an increase in a material’s spatial frequency response. Figure 5
shows the spatial frequency response of both photopolymers using the saturated refractive
index modulation values presented in Tables 6 and 8. It can be clearly seen from Fig. 5 that
the performance of the BMS photopolymer (blue dots), i.e., spatial frequency response, is
superior to that of the standard AA/PVA photopolymer (red squares). It must be noted at this
point that reflection geometries are being examined in both media and the observed trend
shown here in Fig. 5 holds true [41-43].
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Fig. 5. Comparison of the spatial frequency response of the AA/PVA photopolymer (red
squares) and the BMS photopolymer (blue dots). All recordings were carried out with an
exposing intensity of o = 8 mW/cm?.

5. Conclusions

A photopolymer material developed by Bayer MaterialScience was examined using various
optical techniques. The material was then characterised using the Non-local Photo-
polymerization Driven Diffusion (NPDD) model and its performance contrasted to that of a
well known acrylamide/polyvinylalcohol based photopolymer. Based on the observed
experimental results, the modelling of the data using the NPDD model’s coupled differential
equations and the comparison between both photopolymer materials it can be seen that the
BMS material has:

(i) A substantially faster response of the refractive index modulation with respect to the
recording dosage, especially at lower power densities;

(i1) A three times higher refractive index modulation that is achievable in the composition
that was under investigation here compared to the AA/PVA photopolymer;

(iii) A six times smaller the non-local response parameter, Jo within the NPDD model
representing the spatial spread of the reactive chain ends of the formed polymer coils
during photopolymerization, thus indicating the much higher resolution of this Bayer
MaterialScience photopolymer;

(iv) An improved performance of the BMS photopolymer material at high spatial
frequencies (e.g. reflection holograms) is obtained.
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As a result the analysis using the NPDD model qualifies this new material as a very good
storage medium for volume holographic recordings.
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