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An important issue in developing applications for photopolymers in holography is the effect of shrinkage on record-

ing properties. In this paper, we introduce a model to describe real-time formation of a single grating in photopolymers

at any geometrical angle, under the assumption that the shrinkage is in proportion to the polymerization. This model

combines polymerization kinetics with the coupled-wave theory, explaining the shrinkage effect on the diffraction effi-

ciency. The model is validated by comparing its predictions with the experimental results for a film of 99um thickness.
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1. Introduction

Photopolymerizable materials are of considerable
interest for development of holographic data storage
devices because of their high sensitivity, high resolu-
tion, long shelf life, dry real-time processing, and low
cost.! =3l A number of photopolymerizable materials
for holographic applications have been developed.*~¢
One problem with photopolymers is that the mate-
rials shrink during polymerization, leading to Bragg
mismatch at read-out. Some methods have been sug-
gested to reduce the effect of shrinkage.l”8! However,
it is not possible to eliminate the effect of shrinkage

in all materials for polymerization.

Several models have been presented in the lit-
erature to describe the effect of material shrinkage.
They include (1) the fringe-plane rotation model,®! (2)
the average refractive-index change model,[ and (3)
the fringe-plane rotation and average refractive-index
change model.[!] In all these models it is assumed that
at least one side of the material is attached to a rigid
glass substrate. Also it is assumed that shrinkage oc-
curs only along the direction normal to the material’s

surface.

This paper describes a dynamic model of single-
grating formation in photopolymers at any geometri-
cal angle, based on the fringe-plane rotation model.
Different from those conventional models, this model
will aid the understanding and optimization of the
recording of complex hologram in shrinkable pho-
topolymer. The control of the hologram recording

process is a critical issue for these materials.

2.Theory

In our model, we only discuss the effect of shrink-
age along the direction of the normal to the mate-
rial’s surface because the shrinkage in the lateral (in-
plane) directions is much smaller owing to anchor-
ing of the photopolymer to the glass substrate during

exposure. (12,13]

As shown in Fig.1, two coherent plane waves (po-
larized normal to the plane of incidence) with con-
stant intensities I; and I» along the vector kg and
k, interfere with each other in a holographic record-
ing material. 6 and 6¢ are their incident angles inside
the film. With the photopolymerization initiating, the
thickness d has a shrinkage a(t) and the holographic

*Project supported by the State Key Development Programme for Based Research of China (Grant No G1999033001), and the
National Natural Science Foundation of China (Grant No 60277011).

fCorresponding author: luosj02@mails.tsinghua.edu.cn

http://www.iop.org/journals/cp



No.9

Holographic grating formation in dry photopolymer ... 1429

gratings K, recorded in different time are also chang-
ing. For very small shrinkage (~2—3%),[14] we only
consider that the gratings recorded before are trans-
formed into the same K 'g(t). Correspondingly, the
grating period Ag = A(0) and the grating slant angle
0o = 6(0) are transformed into A(t) and 6(t) respec-
tively.

Fig.1. The Bragg deviation introduced by the shrink-

age along the direction of the normal to the photopoly-
mer’s surface.

When the photopolymerization is initiated, the

rate of free monomer consumption is described by 15!

d
() = —kr(Ou() (1 + I)°, (1)

where u(t) is the free-monomer spatial average den-
sity, § is the order of the photochemical reaction,
kr(t) is the characteristic rate coefficient, which de-
pends on the ratio of the free-monomer polymeriza-
tion rate to the polymeric-chain termination rate.!
From Ref.[16], we obtain kg (t) = koexp(t/7), where
ko = kr(0) and 7 is the time constant.

Solving Eq.(1), given u(0) = ug, u(co) = 0 and
p(t) = up — u(t) as the spatial average photopolymer

density, we obtain

p(t) = uo {1 —exp[y(1 —exp(t/7))l},  (2)

where v = (I, +15)%koT is a positive constant responsi-
ble for the time evolution. Under the assumption that
the shrinkage is in proportion to the polymerization,

we obtain the shrinkage rate a(t):

a(t) = am {1 —exp [y(1 —exp(t/7))]},  (3)

where ayy is the available maximum of a(t). Then the

deviation of Bragg angle is given by!!7]

AG(t)

:0(t) — 90 = tanfl <%> - 90
1 tan 6, _
‘m‘@—wﬂﬂwmhmwmm)%‘
(4)

The results deduced from Eq.(4) are used to predict
the deviation of Bragg angle during the process of ex-
posure, and some compensation can be obtained by
adjusting the angle of readout beam.

The modulation index An(t) is described by!6]

An(t) = Anym (1 —exp {y[1 —exp(t/7)]}), (5)

where Any is the maximum available of modulation
index and m = 2y/I1I5/(I; + I5) is the modulation
intensity.

From Ref.[18], we obtain

. o [ mdngAn(t) . o (dokg -2 (©)
=sin® | ——=>— ] sinc
K Av/cos O, cos B¢ 2 ’

where ng is the average refractive index of the mate-

rial and A is the free-space wavelength, 2 is the unit
vector of z-axis. dkq =k, — kq + K;(t) is the Bragg
mismatch vector.

According to the geometry relation, the shrinkage

can be described as

sin(6(t) — 6)
sin §(t) cos 6’

a(t) =

) = 4,500 (®)

cos b ’
Okg =kp —ka+ K, (t) = K (t) — K. (9)
The value of grating vector is
K, (t) = 2m/A(t). (10)
From Egs.(7)—(10), we obtain:
2 2
Ok - 2 :r:) sin (t) — A_: sin 6
a(t) 27

=——~> _—sin#f,. 11
1—a(t) Ao 70 (11)

Finally, we can obtain the real-time evolution of

diffraction efficiency:
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mdngAn(t)

t)d sin 6
"7(15) =Sin2 (ﬁ) X Sin(','2 <w
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[1—a(t)] Ao

—in? <7rdn0Aan (1 —exp {7[1 — exp(t/7)]})

Av/cos b, cos O

3. Experiment

3.1. Preparation of photopolymer

In this experiment, a film with a thickness

the monomers:
(29.2%wt) and
(NVC) (17.2%); chain trans-
fer agent: 4-methyl-4H-1, 2, 4-triazole-3thiol
(MMT) (1.92%wt); photosensitizer dye 2, 5-bis[[4-
(dimethylamino)-phenyl] methylene]-cyclopentanone
(DMAW) (0.07%wt); initiator 1, 1’, 2, 2-bis (o-
chlorophenyl)-4, 4’, 5, 5’-tetraphenyl-bisimidazole (o-
cl-HABI) (1.2%wt); polymeric binder: poly(vinyl ac-
etate) (50.4%). Dichloromethane is used as solvent.

The solution was coated onto a glass plate with a

of 99um was prepared as follows:
2-benzoxyethyl acrylate (POEA)

N-vinyl cabazole

thickness of 0.8mm by using a spin coater. Different
rotation speeds were used to obtain various coating
thickness. Coated samples were dried in vacuum for
24h at 20-24°. The average refractive index ng of the
films with a thickness of 99um is about 1.5, and its

maximum of shrinkage an=2.6%.
3.2. Experimental results and discussion

As shown in Fig.2, the film is mounted on a ro-
tation stage. The optical system for recording the
grating structure provides two collimated beams de-
rived from an argon-ion laser at 514.5nm. The angle
between object beam and reference beam outside the
material is 22°C. The intensities of reference and ob-
ject beams are both adjusted to 11.2mW/cm?2. We
sample the diffractive intensity at the frequency of
0.1Hz by turning on and off the shutters. Four dif-
ferent rotation angles have been chosen, and at each
rotation angle ¢, about 30 samplings are collected by

the detector, equipped with a computer.

) % sine? <(aM {1 — exp [y(1 — exp(t/7))]} dsin b, ) |

1 — an {1 — exp [y(1 — exp(t/7))]}) Ao
(12)
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Fig.2. Schematic diagram of the setup used for ex-
amining the shrinkage effect on the diffraction effi-
ciency at different rotation angle ¢ of photopolymer

film which is mounted on a rotation stage.

Different ¢ corresponds different 5, 8¢, 6,

6, = sin™!(sin(11° 4 ) /ny),
s = sin™(sin(11° — ¢) /ng),
0 = (6s — 6) /2.

And Ay can be calculated:[*9]
Ao = A/(2sin11°) = 1.35um.

When an unslanted grating is recorded, the fringe
is formed normal to the surface of the recording ma-
terial and the fringe-plane does not rotate during the
process of photopolymer’s shrinkage. The period of
the grating will not change because the shrinkage in
the lateral directions is much smaller than that in the
direction normal to the material’s surface.l'3 There-

fore, Eq.(12) can be simplified as

_ .o (mdnoAnym (1 — exp {y[1 — exp(t/7)]})
n(t) = sin < MeosOcostr ) . (13)

In order to obtain the values of parameters v, T,
Amny, we fit the experimental curve with ¢ = 0° using
the curve plotted according to Eq.(13). The obtained

values of «y, 7, Any are 1.54, 85.8s, and 1.1x1073 re-
spectively. Next, the corresponding predictions (solid

curves) according to Eq.(12) and the measured values
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(dotted curves) are plotted in Fig.3 at different ro-
tation angle ¢. The good agreement between theory
The

small deviation of the experimental curves from the

and experiment validates our dynamic model.

theoretical ones is due to the optical quality of the
photopolymer film’s surface and the small fluctuation

of laser power during the exposure.
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Fig.3. Comparison between theoretical curves and

the corresponding experimental results for the differ-

ent rotation angle. ¢

During the formation of the slanted grating,
the refractive index modulation and the deviation of
Bragg angle resulting from the photopolymer’s shrink-
age continuously increase until the polymerization is
finished. They both lead to the change of diffraction
efficiency with exposure time, especially at the rota-
tion angle ¢ = 30°, as shown in Fig.3.

The curves in Fig.4 obtained from Eq.(4) describe
the change of the deviation of Bragg angle with expo-
sure time at the different rotation angle ¢ under irra-
diations with same intensities. We conclude that the
incremental rotation angle ¢ increases the deviation of
Bragg angle under the same exposure which leads to
the corresponding decrease of the diffraction efficiency
shown in Fig.3.

According to Eq.(12), the period of the grating

has an important effect on the diffraction efficiency,
because smaller Ag means higher selectivity of Bragg
angle.[?9) A small deviation of Bragg angle will sharply

diminish the diffraction efficiency.
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Fig.4. The deviation of Bragg angle versus the recording time

under irradiation with an intensity of I; = Ig:ll.2mW/cm2.

4. Conclusion

Based on the fringe-plane rotation model, we

[15]

combine the polymerization kinetics!'®! with coupled

[20] and introduce a dynamic model of

wave theory
single-grating formation in photopolymers at any ge-
ometrical angle, which is validated by comparing its
predictions with the experimental results in a film of
99pum in thickness.

The obtained results are used to predict the effect
of material shrinkage on the reconstruction of holo-
gram recorded. Some compensation will be possible
by adjusting the angle of reconstruction beam. The
model also allows analysis of the influence of shrinkage
rate on holographic recording diffraction efficiency.

Additionally, the model ensures that the diffrac-
tion efficiency after shrinkage can reach at least a lo-
cal maximum by optimizing system parameters and

adopting suitable exposure.
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