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Abstract

For phase holographic gratings in layers of polymethylmethacrylate, containing

phenanthrenequinone in high concentration (nearly 3 mol%), a discrepancy between

experimental (up to 9) and estimated (∼45) magnitudes of the thermal diffusion amplification

coefficient has been revealed. Analysis of plausible reasons of the lower experimental efficiency

of the diffusion amplification has been carried out. The influence of material deformations on

the reflection grating formation process was investigated experimentally. It is shown that

thermoactivated amplification of holograms under high phenanthrenequinone concentration and

its profound modulation are depressed by the arising density ‘grating’.

Keywords: holography, holographic recording media, phase holographic grating,

phenanthrenequinone, polymethylmethacrylate

1. Introduction

Polymeric materials for recording of phase holograms with

thermal amplification using phenanthrenequinone (PQ) as

a photosensitive component have been known since the

beginning of the 1990s [1]. The postexposure hologram

amplification in such recording media is caused by the

diffusion of residual photosensitive molecules leading to a

homogeneous distribution of their concentration. Some factors

precluding maximum values of the diffusion amplification

factor to be attained have been established: incomplete

photolinkage of PQ to the polymeric matrix, and semiquinone

radical diffusion [1–3]. A postexposure behavior of

holographic gratings has been studied in detail over a

wide temperature interval and at different thermal treatment

times [3]. The experimentally obtained patterns of hologram

transformations are in accord with the knowledge of the

principal role played by PQ diffusion in the amplification

process [1, 3]. Degradation of holograms is associated with

a diffusive motion of macromolecules and macromolecular

segments including the added photoproducts [4–6]. The

general expression for the modulation amplitude kinetics of

the refractive index in the process of thermally activated

hologram transformations in the PQ-containing medium has

been proposed [5]. The characteristics of the PQ-based

material and other phase holographic materials have been

compared [7].

However, the majority of studies into the recording

materials with PQ involve media with low PQ contents

(∼0.5 mol%) using ‘weak’ holograms with an insignificant

modulation depth of the refractive index. And the

formation of high-efficiency holograms in relatively thin PQ-

containing recording layers is commonly associated with PQ

concentrations of about a few per cent [8]. Deeper modulation

of the PQ concentration in this case may contribute to a

more complex process of hologram formation, e.g. due to the

photoinduced material deformations [9–11].

The principal objective of this work is to determine the

factors limiting the diffraction efficiency of holograms within

the layers of polymethylmethacrylate–phenanthrenequinone
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(PMMA–PQ) at high concentrations of PQ. Because of the

deformations that are liable to occur in the process of a

hologram formation in these conditions, considerable attention

has been devoted to volume reflection holograms, where

the deformation phenomena seemed to meet with the least

difficulties.

2. Estimation of hologram parameters

Phase recording in a polymeric material with PQ is based on

its ability to attach to the polymeric chains under the effect

of light. Recording of a phase holographic grating in this

material may be schematically demonstrated as follows. In

the process of recording, two distributions are produced for

the concentrations of the attached photoproduct and unreacted

PQ. The first is in phase with the spatial light distribution

within the layer, the latter being antiphase. Each of the

concentration distributions is associated with the respective

contribution into the distribution of the refractive index. The

modulation amplitude of the latter may be determined by the

Lorentz–Lorenz [12] formula as follows:

�n =

(

n2 + 2
)2

6n

(

Rp�Cp − Rpq�Cpq

)

, (1)

where n is the average refractive index of the layer, Rp

and Rpq the molar refractions of the photoproduct and PQ,

respectively, and �Cp and �Cpq the modulation amplitudes

for the photoproduct and PQ concentrations.

The postexposure thermal treatment results in a diffusion

flattening of the PQ distribution in the layer, a contribution of

the unreacted PQ to the refractive index modulation degrading.

As this takes place, the photoproduct distribution remains

practically invariable due to its links with macromolecules.

Then the regularity in variation of the total modulation

amplitude of the refractive index may be given by the

expression that follows from the solution for a diffusion

equation with the initial sine distribution of the concentration:

�n =

(

n2 + 2
)2

6n

[

Rp�Cp − Rpq�Cpq(te)e
−γ (t−te)

]

, (2)

where �Cpq(te) is the light field induced modulation amplitude

for the concentration of photosensitive molecules, γ =
D(2π/d)2 the rate constant of the amplification process, D the

diffusion coefficient, d the holographic grating period, t the

thermal treatment time of the layer, and te the recording time

of a holographic grating. The final distribution of the refractive

index is determined by the photoproduct distribution:

�n =

(

n2 + 2
)2

6n
�Cp Rp. (3)

The diffusion amplification coefficient M , defined as

the ratio of �n(∞) when amplification is terminated to

�n(te), attained upon recording, is found from the following

expression:

M =
�n(∞)

�n(te)
=

Rp

�R
, (4)

where �R = Rp − Rpq is the difference between values of the

refractions of the photoproduct and PQ. The expression (4) is

correct assuming that all the photoproduct molecules are linked

to the macromolecules:

�Cp = �Cpq(te). (5)

As follows from equations (3) and (4), the final value of

�n is determined by the photoproduct concentration modula-

tion and by its molar refraction, whereas the amplification fac-

tor M is only dependent on the photoproduct refraction and the

difference between values of refractions of the photoproduct

and PQ. The photoproduct refraction estimated by the bond re-

fractions [13] is Rp = 62.9 cm3 mol−1. The expression (1) and

experimental data of the modulation concentration of the pho-

toproduct and the reachable value �n, taken from [14], have

been used to estimate �R ≈ 1.4 cm3 mol−1. Considering this

value and expression (4) the amplification factor calculations

result in M ≈ 45. For the layer containing 3 mol% of PQ,

on condition that �Cp comes to 100% of the PQ concentra-

tion within the layer, the value of �n after the diffusion am-

plification process termination should be equal to 0.04. How-

ever, from the experimental data it follows that an amplifica-

tion factor for volume transmission gratings is never over 9,

and the final modulation amplitude of the refractive index is

below 2 × 10−3.

During analysis of the recording process used to form

a holographic grating, of particular importance is the real

modulation amplitude of the photoproduct concentration

attainable in the process of recording. It may be limited by

the form of kinetics determining the PQ consumption in the

process of recording. The effect of PQ consumption pattern

on the form of the profile characteristics for the holographic

grating refractive index in the process of its recording has been

analyzed [14]. It has been found that nonlinearity of the PQ

consumption curve is responsible for deviation of the profile

from the sinusoidal form determined by the light field. This

leads to the appearance of higher-order diffraction as well as

to limited modulation amplitudes of the refractive index �n

for the main diffraction order. On exposures characteristic for

hologram recording in polymeric layers with a high content

of PQ, �n of the main grating comes to only 50% of the

maximum value possible at 100% phototransformation of

PQ. Because of this, the difference in the calculated and

experimental values of �n is somewhat reduced, though still

being significant. In this way the experimental results and

theoretical calculations differ significantly. It is obvious that

such a difference is due to some phenomena that are omitted in

the simplified calculations. We have considered them to be the

main reason for the discrepancy discussed. The results of the

investigations are given below.

3. Experimental details

Recording layers 80–110 µm in thickness were prepared by

pouring the liquid solution of PMMA and PQ (2.5–3 mol%)

onto a glass plate with subsequent drying [8]. Phase volume

reflection gratings (RGs) with the period d = 0.24 µm

and insignificant groove tilt β = 0.7◦–2.7◦ were recorded
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Figure 1. Scheme of the experimental set-up for recording (a) and reconstruction (b) of the reflection gratings. 1—argon laser, 2—collimator,
3—diaphragm, 4—beam splitter, 5 and 6—mirrors, 7 and 8—right-angle prisms, 9—glass substrate with the recording layer, 10—He–Ne
laser, 11—precision rotation stage, 12—reflected beam, 13—diffracted beam, 14—photodetector.

in counterpropagating beams using the asymmetric scheme

(figure 1(a)). Recording was realized with the use of argon

laser radiation at the wavelengths 488 and 514.5 nm. The

recording exposures of the gratings were 3–10 J cm−2. The

required parameters of the RG were provided under recording

due to the use of right-angle prisms, having the refractive index

of 1.5, as the radiation coupling elements.

Subsequent to RG recording, the samples were thermally

treated at 55, 80, and 110 ◦C. The first temperature is

considerably lower than that of the polymer vitrification (about

100 ◦C for pure PMMA), the second temperature being close

to and the third one being in excess of this characteristic

temperature. Between the annealings, the samples were kept at

room temperature for 10 min, following which measurements

of the angular selectivity contours of the RG (the diffraction

efficiency η as a function of the incidence angle of a probe

beam on the layer surface) were done using the set-up

presented in figure 1(b). A He–Ne laser (λ = 633 nm) was

used as a probe. The diffraction efficiency was determined as

the intensity ratio of the diffracted and incident beams. Using

the maximal η values from the angular selectivity contour

the modulation amplitude for the refractive index �n was

found by the formula for unslanted phase volume reflection

gratings [15]:

�n = arcth

(

λ cos(π/2 − θ)

π h

√
η

)

, (6)

where θ is the Bragg angle and h is the layer thickness.

The surface elevation height of the exposed regions was

determined with the help of an interference microscope.

Homogeneous exposure of the RG was performed for the

samples using Ar laser radiation with the wavelength 514.5 nm

at different stages of thermal treatment at temperatures 55 and

80 ◦C. According to the data of [14], the exposure energy

was in excess of 300 J cm−2, offering practically complete

phototransformation of PQ in the polymeric layer.

4. Results and discussion

Figure 2 presents the typical curves for the refractive index

modulation amplitude as a function of annealing time at

temperatures of 55 ◦C (curve 1, curve 2 for t � 6.6 h) and 80 ◦C

Figure 2. The refractive index modulation amplitude as a function of
the thermal treatment time at 55 ◦C (curve 1, curve 2 for t � 6.6 h)
and 80 ◦C (curve 2 for t > 6.6 h).

(curve 2 for t > 6.6 h). Heating at 55 ◦C reveals an increase in

�n. Curve 1 exhibits two sections with different rates of rise.

For the first section the rise rate of �n is much greater than for

the second one. An additional rise in �n occurs after heating

at 80 ◦C (curve 2).

In the process of thermal treatment at a temperature of

55 ◦C no significant changes in the form and position of the

angular selectivity profile have been observed. Besides, no

surface deformations have been revealed within the bounds

of holographic gratings. When the temperature was elevated

to 80 ◦C, simultaneously with an additional growth of �n, a

shifting of the angular selectivity contour to greater diffraction

angles was initially observed. It is followed by a subsequent

monotonic decrease of the diffraction angles. In the process of

thermal treatment the shape of the angular selectivity contour

was practically invariable. Figure 3 shows �n (curve 1)

and changes in αmax (�αmax), associated with a maximum

of the diffraction efficiency (curve 2) as a function of the

annealing time at 80 ◦C. The sample was preliminarily treated

at a temperature of 55 ◦C for a period of 6.6 h. After the

initial increase of �n and αmax at the first heating stage, these

parameters decreased monotonically. Also, several annealing

steps at 80 ◦C have caused the formation of surface swellings

on the layer in the limits of holographic gratings. The initial

swelling height of 0.2 µm has increased to nearly 0.3 µm

(figure 4).
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Figure 3. Kinetics of �n (1) and change of the diffraction angle
αmax (2) as a function of the annealing time at 80 ◦C. Preliminary
thermal treatment of the layer over a period of 6.6 h at 55 ◦C.

Figure 4. The swelling height as a function of the annealing time
at 80 ◦C.

Figure 5 shows the typical curves for�n and �αmax as a

function of the annealing time at a temperature of 110 ◦C. The

layer was preliminarily subjected to thermal treatment at 80 ◦C

for 32 h. Unlike the situation on going from 55 to 80 ◦C, a

rise in the temperature has caused no initial increase of �n

and αmax. The values of �n and αmax monotonically decreased

with the thermal treatment time. At the same time, the swelling

height was increasing (figure 6).

The rapidly growing sections of �n kinetics at 55 ◦C are

reasonably approximated by a function of the form �n =
a1 −a2 exp(−γ /t), following from expression (4). This points

to a diffusion nature of increase in the modulation amplitude.

Because of the presence of slow �n kinetics at 55 ◦C and

of a considerable increase in �n with temperature elevation

to 80 ◦C, it is of interest what is the degree of PQ diffusion

completeness. To estimate the PQ modulation depth within the

layer at different sections of the amplification curve of �n, it

is convenient to expose the grating to a spatially homogeneous

light field. Provided the diffusion process is completed, i.e. the

PQ distribution within the layer is homogeneous, the light field

exposure should result in changes only of the average refractive

index of this layer. As this takes place, the value of �n should

remain constant. Homogeneous exposure of a holographic

grating immediately after recording should lead to its complete

Figure 5. Kinetics of �n (1) and the change of the diffraction angle
αmax (2) as a function of the annealing time at 110 ◦C. Preheating of
the layer over a period of 32 h at 80 ◦C.

Figure 6. The swelling height as a function of the annealing time
at 110 ◦C.

erasing. To describe the completeness degree of PQ diffusion,

it is convenient to introduce the coefficient K , as follows:

K =
�n(H = 0) − �n(H )

�n(te)
, (7)

where H is exposure under homogeneous irradiation.

It is easily seen that K represents a relative modulation

amplitude for the PQ concentration at the point of the annealing

curve, where a homogeneous exposure of the grating is

performed. Possible values of K are found over the range

0 � K � 1. Diffusion of PQ may be considered complete

when K is close to 0.

Figure 7 demonstrates �n (curve 1) and coefficient K

(curves 2, 3) as a function of the annealing time at 55 ◦C

(curve 2), and also after the temperature is elevated to 80 ◦C

with a 40 min heating prior to the homogeneous exposure

procedure (curve 3). The coefficient K is decreased from 1

to ∼0.3 during the time period associated with the section

of rapidly increasing �n, remaining practically constant

afterward. For the gratings subjected to thermal treatment at

80 ◦C, K is very close to zero.
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Figure 7. Dependences of �n (1) and K factor (2, 3) on the
annealing time at 55 ◦C before the homogeneous exposure. In the
case of curve 3, subsequent to annealing at 55 ◦C, an additional
thermal treatment was conducted at 80 ◦C for 40 min.

Based on the obtained results, one can infer that at a

temperature of 55 ◦C the section of rapidly growing �n is in

fact of a diffusion character. However, at this temperature such

a ‘high-rate’ diffusion of PQ does not result in homogeneity

of its distribution. Further increase in �n occurs due to a

‘slow’ process. Unfortunately, our experimental data fail to

make positive conclusions concerning its nature and effect on

the PQ distribution (figure 7, curves 1 and 2). It is necessary

to note that the account of the unfinished PQ diffusion cannot

neutralize the difference in experimental data and theoretical

calculations. With the annealing temperature increased to

80 ◦C, �n is growing (figure 2, curve 2), making the PQ

distribution practically homogeneous in a short time (figure 7,

curve 3). No doubt this takes place because of the PQ

diffusion. The characteristic values of amplification factor for

an RG subjected to thermal treatment at 80 ◦C are about 5–

6. In similar conditions (PQ concentration, exposure during

recording process) transmission holographic gratings exhibit

similar values of M [16]. So, for an RG the difference in

experimental data and theoretical calculations is approximately

the same as in case of transmission gratings.

By equality (5) laying the basis for the calculations

of M it is assumed that PQ is completely transformed

into the photoproduct linked to the polymeric matrix. But

it is well known that in polymeric layers produced by

block polymerization only about 50% of the total quantity

of the photoreduced PQ molecules are attached to the

macromolecules [17]. It is supposed that some portion of

the molecules is interacting with a residual monomer, forming

low-molecular photoproducts. Obviously, these photoproducts

make no contribution to the final distribution of the refractive

index, which may lead to a considerable decrease in �n and

M . At the same time, in the layers under study, which

were prepared by pouring, we have used PMMA purified of

the monomer. And the method used for the preparation of

recording layers is responsible for considerable amounts of the

residual solvent in these layers whose interactions with PQ

could not be excluded. Besides, due to a high concentration,

the possibility of the photoreaction between PQ molecules is

not ruled out. In both cases low-molecular photoproducts

Figure 8. The amplification factor of transmission gratings as a
function of exposure. Grating period d = 0.5 (circles), 1 (diamonds),
2 (squares), and 3 µm (triangles). The temperature of treatment
is 80 ◦C.

may be formed. As demonstrated by the experiments, a

degree of PQ linking to PMMA within the layers similar

to those described is, however, close to 100% [18]. This

makes it possible to exclude the formation of low-molecular

photoproducts as a cause of the discrepancy between the

calculated and experimental values of �n and M . Also,

these values may be decreased due to nonlocality of the

photolinkage reaction between PQ and the polymer. The

first stage of this reaction is the photoreduction of PQ with

the formation of a semiquinone radical, and the second stage

is recombination of the latter with the macroradical (strictly

speaking, linkage) [17]. A shift of the semiquinone radical

until the moment of its linkage at a rather long lifetime may

result in a decrease of �Cp and hence �n and M .

It is clear that in the case when the radical diffusion has

a significant effect on hologram amplification, the relationship

between the amplification factor M and period of a holographic

grating should be exhibited. Figure 8 shows the amplification

factor as a function of exposure for transmission gratings

with different periods. The curve is constructed on the basis

of our previous results [16] and more recent unpublished

data. Figure 8 demonstrates the absence of the expected

dependence of the amplification factor on the period, at least

for transmission gratings. As is seen, the amplification factor

increases as the exposure is reduced in the process of recording.

This pattern is hardly associated with any of the above-

mentioned factors limiting M and �n.

The experimental data presented point to the developing

inhomogeneous deformations of the RG under thermal

treatment at 80 ◦C and higher temperatures (figures 3–6).

During the period of annealing (80 ◦C) that is on the order of

the amplification time (∼2 min), the swelling height increases

to ∼0.2% of the layer thickness (figure 4). In parallel, an

increase of αmax occurs (figure 3, curve 2).

The angle αmax is related to the parameters of a

holographic grating and recording layer by the following

expression:

αmax = arcsin (n cos(θ + β)) , (8)
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where β is the groove tilt, and θ the angle determined by the

Bragg condition:

sin θ =
λ

2nd
, (9)

λ being the wavelength of the probe radiation.

According to expression (8), the change in the angle αmax

may be due to variations in the period of a holographic grating

d , groove tilt β , and average refractive index n on extension

or shrinkage of the photoconverted material. Considering the

deformation of the RG as developing normally to the layer

plane and the extension factor of the material to be proportional

to the photoproduct concentration, one can easily show the

validity of the following expressions:

δρ

ρ
= −

�h

h
= −

�d

d
, (10)

δn = −

(

n2 + 2
) (

n2 − 1
)

6n

�h

h
, (11)

δβ = arctg

(

h + �h

h
tgβ

)

− β, (12)

where ρ, h, d are the mean values of the material density,

the layer thickness and the grating period; δρ the variation of

average density, �h, �d variations of thickness and period,

and δβ the variation of groove tilt. Expression (11) describes

the contribution made by the density changes to variations of

the average refractive index.

Figure 9 shows the calculated curve for �αmax as a

function of the changing thickness of a recording layer,

constructed with the use of expressions (8)–(12). As is

seen, the angle αmax should be increased with a growing

thickness of the grating. Thus one can conclude that the initial

swelling is really caused by dilatation of the photoconverted

material (figures 3 and 4). In the case of a prolonged thermal

annealing αmax is decreased, whereas the swelling is still

growing. Similar behavior has been exhibited by the RG at

110 ◦C (figures 5 and 6). These features may be attributed to

general shrinkage of the polymeric matrix under the prolonged

thermal effect. And it seems to be natural that the lower the

photoconversion extent of the material the higher its shrinkage

rate. This dependence leads to a decrease of �n under long-

time heating (figure 5, curve 1).

So the inhomogeneous dilatation of the grating structure

is able to bring about modulation of the material density

(density grating), whose contribution to the refractive index

modulation is opposite to that of the photoproduct distribution.

As a consequence of these deformations the refraction index

modulation amplitude �n and amplification factor M should

be decreased in comparison with the values obtained by the

estimations. Nevertheless this attractive and qualitatively

consistent hypothesis seems insufficient. Indeed we did

not observe any swelling formation at 55 ◦C, but combining

expression (2), expression (11) adapted for the modulation

amplitude of n, and taking into account the extent of the

diffusion completeness (figure 2), one can easily show that

�h has to be on the order of several tenths of a micron

to ensure discrepancies existing between the experimental

and estimated magnitudes of �n and M . Therefore we

–0.5 0 0.5 1 1.5 2

–1

1

2

3

Figure 9. Changes in the angle αmax as a function of the recording
layer thickness change �h.

are inclined to suppose that ‘antiphase’ density grating is

formed by at least two processes: dilatation of photoconverted

material mentioned above and some additional relaxation

process of diffusive nature synchronized to the PQ diffusion

and so indistinguishable against its background. This last

process might be a diffusion of free volume in the line of

PQ diffusion [19] or oppositely directed diffusion of residual

solvent [20] or both.

The experimental results presented reveal some features

for the thermal amplification of holographic gratings within

the layers of PMMA with a high content of PQ and deep

modulation of its concentration. The thermal treatment

at a temperature that is close to the material vitrification

temperature provides a homogeneous concentration of the

residual PQ. However, the process of PQ diffusion is

accompanied by the ‘antiphase’ density grating formation,

weakening the effect of diffusive amplification and not

allowing attainment of the calculated values of the refractive

index modulation depth and amplification factor. The

density grating is formed by inhomogeneous expansion of the

photoconverted material and is seemingly a process of diffusive

nature (free volume diffusion, diffusion of residual solvent).

Elevation of the annealing temperature results in general

shrinkage of the material, additionally decreasing the real

values of �n and M . Provided thermal amplification is

realized at a temperature that is considerably lower than the

material vitrification temperature, it is impossible to attain

a homogeneous concentration of the residual PQ during a

reasonable time.

5. Conclusion

Thus, the work presents an analysis of the factors limiting

the diffraction efficiency of holograms within the layers

of polymethylmethacrylate–phenanthrenequinone at a high

content of phenanthrenequinone. It is demonstrated that

using the theoretical estimates for holographic gratings in

the photorecording material containing up to 3 mol% of PQ

the values of the diffusive amplification factor and refractive

index modulation amplitude are ∼45 and 0.02, respectively.

6
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The experimental values of these parameters both for volume

transmission and reflection gratings are considerably lower.

Based on the results obtained, we can exclude the low

efficiency of photolinkage and diffusion of semiquinone

radicals as the principal cause of this discrepancy.

In the case of the reflection holographic gratings

under study, at an optimum temperature (≈80 ◦C) close to

the vitrification temperature, the diffusion process is fully

completed over the period of thermal amplification. However,

in these conditions the differences between the calculated

and experimental amplification factors and refractive index

modulation amplitudes are also revealed. It is believed that

this is caused by formation of the material density ‘grating’

compensating for the effects of the ‘grating’ due to the

photoproducts.
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