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ABSTRACT We demonstrate a possibility to write efficient and
thermally stable volume holographic gratings in a glassy poly-
mer material based on PMMA and phenanthrenequinone with
layers prepared, by casting the liquid solution of ingredients on
a substrate and drying to a solid state. A high concentration of
phenanthrenequinone (up to 4 mol. %) makes it possible to use
photosensitive layers of lower thicknesses (50—180 wm) for the
recording of efficient holographic gratings. The exposing is fol-
lowed by a thermal amplification of the grating due to diffusion
of residual phenanthrenequinone molecules and fixation by an
incoherent optical illumination. We present experimental tem-
poral curves of the refractive index modulation and diffraction
efficiency both under the exposure and the heating process. The
behavior of the gratings under temperatures up to 140 °C has
been studied.

PACS 42.40.Eq; 42.70.Jk; 42.70.Ln

1 Introduction

Polymeric recording media containing phenan-
threnequinone (PQ) as a photosensitive additive belong to the
category of phase holographic media with diffusion ampli-
fication. Investigations of the recording and transformation
processes of holographic diffraction gratings in such media
have been performed mainly for layers with low contents of
the additive (~ 0.5 mol.%) [1-4]. Samples with a thickness
up to 1 mm for hologram recording were produced by block
polymerization of the PQ solution in a monomer. The prin-
cipal photoreaction in this medium is photoreduction with
subsequent photoaddition of the product to macromolecules
and may be given in the following general form [5]:

PQ—~'PQ  3PQ+RH — HPQ'+R®
'PQ »3PQ  HPQ®+R°®— HPQR,

where 'PQ and *PQ characterize the phenanthrenequinone
in the singlet and triplet excited states, respectively; HPQ*
is the semiquinone radical; RH is the hydrogen donor repre-
sented by the macromolecules. Under the influence of a si-
nusoidally modulated field of interfering light beams, the
recording medium reveals the opposite phase distributions of
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the unreacted PQ and photoproduct associated with antiphase
contributions into the refractive index distribution. Owing to
their superposition, the general distribution of the refractive
index within the layer is formed. Being added to the polymeric
matrix, the photoproduct is not mobile as the unreacted PQ,
and the diffusion degradation of the concentration distribution
of the latter proceeds according to the diffusion equation with
the initial sinusoidal distribution:

Ac = Acyexp(—), (1)

where Acy is the initial concentration modulation amplitude,
t—time, y = D(2m/d)* — rate constant of the process, D —
diffusion coefficient, d — light-induced grating period. The
change of the modulation amplitude of the refractive index An
is described by:

2

where Angp is the photoproduct contribution to the refractive-
index modulation amplitude, Anpg — contribution of the un-
reacted PQ to the refractive-index modulation amplitude at
the instant the exposure is terminated. The degradation of
the PQ distribution results in a homogeneous concentration
within the grating structure and its amplification. The homo-
geneity of the final distribution of PQ enables the fixation of
the amplified grating by exposure with uniform incoherent
radiation. Thus, the amplified phase hologram is formed by
the photoproducts bound to the macromolecules. The thermo-
degradation of the holograms occurs due to the diffusion of
the polymer [2].

Based on polymeric PQ-containing recording media,
transmission and reflection volume holograms may be pro-
duced with high diffraction efficiency and as a rule with high
angular and spectral selectivity. Volume holograms with high
diffraction efficiency and lower selectivity would be useful
as coupling elements between light beams with consider-
able divergence and planar lightguides, for instance. In this
case the diffraction efficiency may be retained by increasing
the attainable modulation amplitude of the refractive index.
One of the most obvious ways is to increase the concen-
tration of PQ within the PQ-containing polymeric media.
But this is relatively complex with regard to the block poly-
merization method due to the inadequate solubility of PQ
in the monomer. Small thicknesses of the recording layers
make it possible to generate the layers by a technologically

An = Angp — Anpg exp(—y1),

-
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more straight-forward method: pouring of the dissolved poly-
mer and PQ onto the substrate. Changes in the production
technique of recording layers as well as the increasing concen-
tration of PQ may affect the recording process, amplification
and degradation of phase structures.

This paper describes the recording and transformation of
phase holographic gratings within polymeric layers with high
content of PQ produced by pouring of dissolved ingredients.

2 Experiment

For recording of volume phase holograms, the
used polymeric material was a solid solution of PQ in poly-
methyl methacrylate. The recording layers with a thickness
of 60—180 wm and with a concentration of PQ amounting to
0.5-4 mol.% were formed by pouring a liquid solution of PQ
and polymethyl methacrylate in organic solvent onto the glass
substrate and subsequent drying.

Using these samples, we recorded symmetric volume
holographic gratings with periods d = 0.9-3.5 wm with Ar-
laser beams (A = 514.5 nm). During the recording process and
in the post-exposure period the diffraction efficiency of the
grating was controlled at the 633-nm wavelength of a He-Ne
laser. The diffraction efficiency is the ratio of the signal beam
intensity to the total intensity of the beams:

I

= 3
Is+10 ()

n
with I — intensity of the diffracted beam, I — intensity of the
beam transmitted without diffraction.

Based on the measured values of the diffraction efficiency
the modulation amplitude of the refractive index An can be
calculated using the formula:

_ Acos® arcsin(,/n)
N h ’

with A — probe wavelength, 6 — incidence angle of the probe
beam, i —recording layer thickness.

Figure 1 shows the diffraction efficiency as a function of
the recording time . for gratings written in samples with dif-
ferent concentrations of PQ. The diffraction efficiency follows
a monotonic increase to a maximum value that is higher for
stronger PQ concentrations. E.g., the diffraction efficiency
was 20% for the sample with a thickness of 180 pm thick and
a PQ concentration of 4 mol.%. For longer recording times,
the diffraction efficiency again decreased.

During the recording process not only the first-order
diffraction but also higher order diffraction appears. This is
associated with gratings having spatial frequencies which are
multiples of the recorded grating frequency with regard to the
period of the interference structure. Figure 2 demonstrates
the typical relationship between the first- and second-order
diffraction and the exposure time. The second-order diffrac-
tion increases with stronger first-order diffraction. Measure-
ments of the samples under test show that a change of the
optical density in the PQ absorption region, on exposure asso-
ciated with the initial moment of recording the second-order
diffraction, was below 5%.

After recording the holographic gratings were thermally
treated. Figure 3 shows the typical relationship between the

n
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FIGURE 1 The diffraction efficiency kinetics during exposure. PQ concen-
trations: 4 (1), 3 (2), 2 (3), 1.2 (4) and 0.55 (5) mol.%. Layer thickness: 180
(1), 170 (2), 155 (3), 125 (4), 135 (5) wm. Grating periods: 1.65 (1, 2, 3) and
2.66 (4,5)
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FIGURE 2 The diffraction efficiency kinetics of the first (1) and the second
(2) orders during exposure (4 mol.% PQ, h = 85 um, d = 1.65 um)

relative modulation amplitude of the refractive index and the
time of the post-exposure annealing at different temperatures.
Curve 1 represents the first-order diffraction and curve 2 the
second-order diffraction, respectively.

The modulation amplitude was increasing for longer
periods of thermal treatment both for the first- and second-
order diffraction; the temperature growth was contributing to
the rate of their increase. In the case of the second-order this
increase was much more rapid. At a temperature of 63 °C the
amplitude of the refractive index modulation of the second-
order diffraction reached a maximum value, remaining stable
up to a temperature of 85 °C. A further increase of tempera-
ture up to 100 °C caused a decrease inAn. After a maximum
value of the refractive index modulation amplitude of the first-
order was reached, the layer with a grating was exposed to
uniform irradiation of the Xe lamp leading to a 85%-decrease
of the optical density at a wavelength of PQ absorption. Dur-
ing this process the refractive index modulation amplitude of
the grating was not lowering.

Figure 4a shows the relative modulation amplitude of the
refractive index as a function of the annealing time for grat-
ings with different exposure. Post-exposure annealing was
performed at 80 °C. In the process of annealing the refractive
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FIGURE 3 The relative modulation amplitude of the refractive index for

the first (1) and the second (2) diffraction orders during postexposure anneal-
ing (4 mol.% PQ, h = 85 um, d = 1.65 pum)
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FIGURE 4 (a) The refractive index modulation dependence on the anneal-

ing time (7 = 80 °C, exposure time 90 (1), 70 (2), 35 (3), 20 (4), 10 (5) ).
Solid line is the result of approximation accordingly to the expression (2).
(b) The amplification coefficient dependence of the modulation amplitude on
exposure time (3 mol.% PQ, d =2 pm)

index modulation amplitude was increasing to a maximum
value, the time of this increase was longer for gratings with
longer exposure. Two different sections may be distinguished
for the rising parts of the corresponding curves: rapid rising
and slow rising. The contribution to the rapidly-rising com-
ponent is growing with a decrease in exposure time, and for

gratings with a minimal exposure this rising is associated with
the rapid component only. After reaching its maximum value,
the refractive index modulation amplitude was stable for some
time; and then dropped down with a rate well below the rising
one. The decrease of the modulation amplitude was higher for
shorter exposure times of the grating. The amplification fac-
tor M was calculated as the ratio of the maximum modulation
amplitude of the refractive index during annealing to that ob-
tained at the instance the recording is terminated, decreasing
with exposure time (Fig. 4b).

Figure 5 demonstrates the typical dependence between the
relative modulation amplitude of the refractive index and the
annealing time at temperatures varying from 100 to 140 °C
for the first- and second-order diffraction of the gratings,
previously subjected to enhancement and fixation at lower
temperatures by a uniform light field. High-temperature an-
nealing results in lowering of the refractive-index modula-
tion amplitude both for the first- and second-order diffraction,
whereas the process rates are practically identical.

As seen in Fig. 1, a growing concentration of PQ within
the layer causes higher maximum values of the diffraction
efficiency. Figure 6 presents a relative value of An for the
first-order diffraction as a function of PQ concentration in
a layer with gratings recorded before a maximum value of the
diffraction efficiency was reached. The maximum value of An
increases essentially in a linear manner with growing concen-
tration of PQ. Changing the concentration of PQ from 0.5 to
4 mol.% increases the value of An nearly by a factor of 6.

The appearance of the second-order diffraction during the
recording process indicates that the refractive index profile
deviates from the sinusoidal one determined by the interfer-
ence pattern. Such an effect is described in [6]. To realize
the second-order diffraction, an in-depth recording was per-
formed, with the second-order diffraction emerging when the
first-order diffraction was decreasing in the process. Distor-
tions of the grating profile were attributed to the depletion of
the photosensitive species at the maxima of the interference
pattern. In our case the onset of the second-order diffraction
was registered at the initial portion of the kinetic curve for
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FIGURE 5 The first (1) and the second (2) order grating degradation in the
temperature range of 100-140°C (3 mol.% PQ, & =75 pm, d = 2.66 pum).
After amplification the grating was fixed with uniform irradiation
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FIGURE 6 The concentration dependence of refractive index modulation
for the first order gratings under recording to the maximum value of the
diffraction efficiency

the first-order diffraction (Fig. 2). At that point the values of
An for the first order were lying above the interval (1-5) x
1073 for the gratings with various periods recorded in the
samples, characterized by different concentrations of PQ, and
their maxima being at least ten times higher. Considering mi-
nor changes in the optical density at the appearance of the
second-order diffraction, it can be inferred that distortions of
the refractive index profile in case under test could not be at-
tributed to the exhausting of PQ. This distortion may be due
to a specific character of the photochemical reaction (radicals
formation and their diffusion until the moment of addition to
the macromolecules) as well as to deformations of the mate-
rial as a result of the photochemical reaction.

The amplification process of the recorded gratings
(Figs. 3a, 4) is non-exponential in nature because the increas-
ing kinetics of An could not be described by the diffusion
of only one component with a constant diffusion coefficient.
The growing of An can be adequately approximated by the
following expression:

y = yo — ai exp(—y1f) — az exp(—yal), )

taking rates into consideration the contributions of at least two
processes with different rates. Table 1 summarizes the results
obtained for the rising parts of the refractive-index kinetics
with the use of expression (5). The factor y; determines the
rate of increase of An due to the rapid component, whereas
factor y, — characterizes the slow one. Note that they reveal
more than a 10-fold difference practically for all gratings.
The increase rate was lowering with growing exposure time
both for rapid and slow components. The value a,/a; deter-

Grating te, S T,°C a/ay Y1 V2

1 90 80 1.6 497x107*  1.71x1073

2 70 80 1.1 4.88x 1074 2.15%x 107

3 35 80 0.45 555x 107 528x107°

4 20 80 0.13 6.94x 10~* 9.51x107

5 10 80 - 1.08 x 1073 -
TABLE 1 Recording and transformation characteristics of phase holo-

graphic gratings (d =2 um) in a sample with 3 mol.% of PQ

mines the relative contribution into the increase of each of
the components, growing with exposure time. This indicates
a stronger contribution of the rapid component compared to
the slow one if the exposure time is decreasing.

The contribution made by the diffusion of PQ to the pro-
cess of grating amplification is obvious. This is supported by
the homogeneous distribution of PQ within the layer after the
amplification process and ensures the stability of the grat-
ings when exposed to a uniform light field. There are at least
two processes capable of proceeding simultaneously with PQ
diffusion and result in the non-exponential nature of the am-
plification. The first process is the addition of a semiquinone
radical to the macromolecules and the associated increase of
the refractive index of the layer [7]. In this case any kinetics
of the increase of An should have two components. However,
in the case under test for the grating with minimum expo-
sure (Fig. 4, curve 5), the increase is described by a rapid
component only. Taking this into consideration, one can find
that the addition of a semiquinone radical has a minor effect
on the process of An-increasing with post exposure anneal-
ing. The second process is connected with the redistribution
of the local density [8,9] within the material due to defor-
mations resulting from the photoreaction. This effect should
be stronger for higher concentrations of the photoproduct as
seen by the lower amplification factor for longer exposure
times (Fig. 4b). This process may be responsible for the grat-
ing degradation at high-temperature annealing too, indicating
no signs of diffusion.

3 Conclusion

This paper presents the recording and transform-
ation processes of phase holographic gratings in polymeric
layers containing phenanthrenequinone and produced by the
pouring method. It is demonstrated that a growing concen-
tration of PQ from 0.5 to 4 mol.% leads to an increase of
amplitude of the refractive index modulation by six times.
The amplification process shows no mono-exponential behav-
ior, but has to be described by two exponential functions with
characteristic constants differing by a factor of ten in practi-
cally all experimental cases. It has been found that for longer
exposure times the amplification factor of the refractive in-
dex modulation amplitude falls down. The degradation rate of
holographic gratings during the process of thermal annealing
does not follow the typical diffusion behavior.
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