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An important issue in developing applications for photopolymers in holography is the effect of film
thickness on recording properties. Now it is possible to create these samples with a much wider range
of thickness ~d 5 20–1400 mm! than was previously available. We exploit these recent advances in
photopolymer processing to systematically evaluate how the dynamic range of a photopolymer depends
on its thickness. The results illustrate that sample performance increases linearly with thickness as
predicted by standard models of volume holography. However, above a critical thickness sample per-
formance degrades, and the angular response of recorded plane-wave holograms shows evidence of
grating curvature. These distortions are likely the result of photopolymer shrinkage, which in thicker
samples occurs in a nonuniform fashion. This problem limits the performance of these photopolymers
and is likely to be an issue for any photopolymer that undergoes comparable polymerization shrinkage.
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1. Introduction

Photopolymers are photoactive materials capable of
recording spatial variations in light intensity through
irreversible changes in their refractive index. When
exposed to interfering light beams, as in hologram
formation, the systems undergo photopolymerization
reactions that encode the fine spatial interference
pattern of the incident light. Both the phase and the
amplitude information needed for hologram re-
creation are stored. Photopolymers have been ex-
ploited in a variety of applications requiring versatile
holographic storage media, such as heads-up dis-
plays,1 data storage,2,3 holographic optical
elements,4–7 and waveguides.8 Although other ho-
lographic storage materials, particularly inorganic
photorefractive crystals,9 have been used to develop
these technologies, it is widely believed that the high
sensitivity, low cost, and versatility of photopoly-
meric media would enable more widespread commer-
cial applications of holography.8,10,11 Until recently,
however, the routine use of photopolymers as holo-
graphic recording media has been hampered by pho-
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topolymer shrinkage, which distorts the patterns of
the recorded holograms. Another important issue
has been the limited thickness of the materials,
which leads to lower dynamic range and greater an-
gular bandwidth than with thicker materials.

Recently, advances in the chemistry and in the
processing of photopolymers have enabled the pro-
duction of photopolymer samples with significantly
lower shrinkage and greater thickness.11–21 For many
applications the availability of photopolymers with
film thicknesses in excess of 250 mm is particularly
important, since it is expected that a hologram’s dif-
fraction efficiency will increase quadratically with
material thickness22,23 unless it is limited by high
sample optical absorption.24–26 Thus, for a grating of
a given contrast, thicker samples allow for higher
diffraction efficiencies per hologram. This enables
more holograms to be stored in a given area and
increases the storage capacity of the material. Re-
cent reports of high-performance photopolymers il-
lustrate the potential of these new systems12,16,20,21;
however, the recording behavior of photopolymers
has not been explored over the wide range of thick-
ness now available. In this study we systematically
evaluate how an important measure of photopolymer
dynamic range, the My#,27 depends on film thickness.
These data illustrate that an issue specific to pho-
topolymers, namely, the dimensional changes that
occur during photopolymerization, reduces the
single-hologram diffraction efficiency in thicker pho-
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topolymers and limits their overall recording capac-
ity.

2. Experiment

This study is made possible by the development of a
new multicomponent acrylate photopolymer; the po-
lymerization chemistry, namely, free-radical poly-
merization of acrylates and vinyl monomers, as well
as the mechanism of grating formation, is quite sim-
ilar to that found in commercial photopolymers.12,14,28

Moreover, it is a widely studied system whose net
sensitivity, absorption properties, hologram forma-
tion mechanism, photopolymerization shrinkage, and
performance have been characterized in prior
studies.11–15 Exposure of a hologram ~l 5 532 nm!
nitiates a spatially varying photopolymerization re-
ction that results in a periodic variation in the re-
ractive index of the material ~Dn ; 0.001!. For the
hicker samples used in these experiments a single
rating of this size is large enough to result in holo-
ram diffraction efficiencies approaching 100%, and
trong interference between the diffracted and the
ncident light ~overmodulation! complicates the as-
essment of the material. For this reason, sample
erformance is measured by recording of many
maller holograms ~Dn ; 3.5 3 1025! at different

angles; the sum of the square roots of the diffraction
efficiencies, referred to as My#, can then be calcu-
lated. This parameter, rather than the net
refractive-index contrast in the material ~Dn!, is a

ore appropriate figure of merit in gauging the per-
ormance of thicker holographic recording media.29,30

Of particular importance for this research is that
both sample thickness and shrinkage during holo-
gram recording can be systematically controlled in
this photopolymer. Unlike other materials in which
the photoactive monomer is present in an inert ma-
trix, all the chemical components in this system are
photoactive and initially liquid. Thus sample thick-
ness can be dictated through the use of spacers that
define the separation between two glass plates that
encase the unreacted monomer. Before recording,
this viscous fluid must be exposed to a flood illumi-
nation to create a solid and stable matrix. Varia-
tions in the duration of this preexposure treatment
provide a method for controlling the amount of mono-
mer available for hologram formation and thus the
amount of shrinkage during hologram development.

Samples are prepared, and plane-wave holograms
are recorded and read in accordance with established
procedures.12,31 The materials are formulated as

isks approximately 1 cm in diameter and 20–1400
m thick. Two different formulations with different
omposition, performance, and sensitivity were
tudied—one containing N-vinylcarbazole ~NVC!,
nd the other containing N-vinyl-2-pyrrolidinone
NVP!. Chemical compositions for each photopoly-
er are similar to those found in Ref. 12 ~samples

esignatedNVCandVNVP!. Theyarepartiallypoly-
erized between glass slides that function to exclude

xygen ~a free-radical polymerization inhibitor! and
o provide substrates of high optical quality.
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The material dynamic range is measured by angle
ultiplexing of 20 holograms to determine the My#.
sample rotation of 2° between holograms prevents

ny appreciable interhologram coupling that might
istort the holograms or reduce diffraction efficien-
ies.32,33 The holograms are recorded at 532 nm,

and the angle of intersection of the writing beams is
40° external to the sample. The sample is again
exposed to flood illumination after the final hologram
is written to assure completion of photopolymeriza-
tion and render the sample optically clear. Holo-
grams are read out with an angular resolution of
0.002°.

Although this photopolymer material has the res-
olution required to record images,13 plane-wave ho-
lograms are employed here for two reasons. First,
we can measure the precise thickness of the sample
by determining the full width at half-height of the 0°
hologram and comparing it with a well-established
model.22,31 Thickness determined in this way corre-
lates well with the results obtained by use of mechan-
ical calipers for samples between 100 mm and the
thickness at which the My# deviates from linearity;
however, for samples thicker than this critical mea-
surement, mechanical calipers provide a more reli-
able measure of film thickness. The second reason
for using plane-wave holograms is that they provide
a quantitative measure of the photopolymerization
shrinkage. When this shrinkage occurs uniformly,
and perpendicular to the glass substrates, the angu-
lar positions of multiplexed holograms are shifted.
This effect is common to many photopolymer materi-
als and demonstrates that material shrinkage man-
ifests itself in similar ways in different photopolymer
systems. The magnitude of these shifts can be re-
lated to the net percentage of this transverse shrink-
age.10,34 For the data shown in this study, this
shrinkage is calculated to be 1.5% 6 0.5% over the
range of film thickness studied.

3. Results and Discussion

One of the primary motivations for creating thicker
photopolymers is that single-hologram diffraction ef-
ficiencies are expected to increase substantially with
thickness. Figure 1 demonstrates this trend exper-
imentally. The My# of these samples increases lin-
early with thickness from less than 20 mm to more
than 500 mm in the NVC material and to as much as
300 mm in the NVP material. We can understand
his behavior by using the standard model for volume
olography, which describes the strength of scatter-

ng from a spatially periodic dielectric variation.22

For perfect gratings the diffraction efficiency is pre-
dicted to scale as the square of the material thick-
ness; thus the My# depends linearly on sample
thickness. Once sample thickness exceeds approxi-
mately 520 mm in the NVC system and 310 mm in the
NVP, linear scaling is no longer observed. Attempts
at more precise definition of the critical thickness at
which the deviation from linear behavior occurs in-
dicate that other contributing factors, such as the
thickness of the glass substrates and the proximity of
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the hologram to the sample edge, are important for
sampling performance in thicker photopolymers.

An examination of the holograms written in these
thicker samples illustrates that they are distorted in
ways that are characteristic of holograms with
curved ~chirped! gratings. Figure 2 shows the
angle-dependent diffraction efficiency of holograms
in three different NVC samples of varying thickness.
Although each sample was used to record 20 angu-
larly multiplexed holograms, only one, written at 0°
sample rotation, is shown for clarity. For the thin-
ner sample @Fig. 2~a!# the response function is sym-
metric; moreover, with the known thickness ~200 mm!
it is possible to predict the bandwidth of the angular
response curve from theory and compare it with the
experimental data. ~In this case we define bandwidth
as the angular separation between the first null
points.! The vertical dashed lines represent these
predictions and agree with the data. Figure 2~b!

epicts the angular response of a hologram in a
hicker sample ~560 mm!; in contrast to Fig. 2~a!, the

data exhibit some asymmetry but still have a band-
width in reasonable agreement with theory. The
angular response curve for the thickest sample ~950
mm! is much more distorted @Fig. 2~c!#, and its band-
width exceeds the theoretical prediction. The gen-
eral features of Fig. 2~c! ~e.g., loss of symmetry, lack
of well-defined null points, and broad width! are all
consistent with the reduced scattering efficiency from
chirped holograms.35–39

There are a number of possible origins for the
emergence of chirped holograms in thicker photopoly-
mers, including high sample absorbance, poor beam

Fig. 1. My# versus sample thickness. My#’s are scaled to correct
for small deviations in preexposure conditions when required.
Sample thickness was determined by the full width at half-height
of the 0° hologram for samples that have not deviated from the
linear My# versus thickness relationship, and by mechanical cal-
ipers for thicker samples. Points indicated by squares refer to the
photopolymer NVC, and points indicated by circles refer to the
photopolymer NVP. The displayed line ~slope, 4.13; y intercept,
0.017! represents a best fit for samples with thickness as great as
520 mm for the NVC samples, and the displayed line ~slope, 6.87;
y intercept, 20.0192! is for the NVP samples with thickness as
great as 320 mm. Each point represents an average of several
samples, and the error bars depict one standard deviation.
collimation during exposure, and photopolymeriza-
tion shrinkage. To evaluate the relative importance
of these issues, a weak single hologram is recorded in
600- and 200-mm NVC samples. The exposure lev-
els for the recording, as well as the subsequent read-
out, are kept low so as to ensure that the material
experiences little polymerization shrinkage. As can
be seen in Fig. 3 ~solid curves!, the resulting holo-
grams display angular response curves with narrow
bandwidth and the expected oscillatory wings. The
lack of chirp in these holograms illustrates that dis-
tortions do not arise during the exposure process it-
self. The samples are then subjected to a uniform
light exposure during which the material becomes
fully photopolymerized, a process that causes both
film shrinkage and bleaching.12 After this treat-
ment @Fig. 3~a!, dashed curve#, the hologram written
in the 600-mm sample is distorted with the reduced
diffraction efficiency and broadened angular re-
sponse characteristic of a curved grating. The
200-mm sample identically exposed and flood cured
shows no evidence of hologram chirp @Fig. 3~b!,

ashed curves#.
These results indicate that hologram chirp is

Fig. 2. Angular response curves for 0° holograms from multi-
plexed holograms recorded in photopolymers of varying thickness.
In these data the vertical dashed lines represent the location of the
first nulls of the response functions calculated following Kogelnik22

using thickness measured by mechanical calipers. @~a! 260-mm
sample, ~b! 560-mm sample, ~c! 950-mm sample#. The excessive
bandwidth and asymmetry caused by shrinkage is apparent in
these data. ~a! and ~b! are from NVC samples that did fall on the
regression line from Fig. 1, and ~c! was well below its projected My#
value.
10 May 2000 y Vol. 39, No. 14 y APPLIED OPTICS 2355
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present only after the flood exposure and only in
thicker samples. Since the change in material opti-
cal density at the writing wavelength during flood
cure is small, from 0.16 to 0.00 in a 200-mm sample,
it is unlikely that sample absorption effects are re-
sponsible for the hologram distortion described by
Lessard and co-workers.32,33,40 Holograms recorded
in other thick photopolymers, with even smaller op-
tical densities, show the same distorted response
curves. Material shrinkage during the flood expo-
sure provides a better explanation for the observed
phenomena. Changes in the samples’ shape
brought about by shrinkage could cause holograms to
distort; indeed, in thin photographic emulsions,
which experience as much as 20% shrinkage during
processing, shrinkage-induced chirp is a common
problem.37 Moreover, hologram chirp is more
readily apparent in photopolymers, which receive
less preexposure and thus experience more shrinkage
during hologram recording. One important feature

Fig. 3. Angular response curves for weak single holograms before
and after flood exposure. Single holograms were written in two
NVC samples of different thickness. These holograms were writ-
ten at 20° sample rotation and read out before ~solid curve! and
after ~dashed curve! complete flood cure. The sample exposures
during the write process were 68 mJ as compared with the total of
2260 mJ normally used to react all monomer. Each readout pro-
vided an additional 34 mJ of exposure. These data are displayed
with diffraction efficiency on a log scale to emphasize changes in
the hologram response, specifically the nature of the changes to the
sidelobes that occur with shrinkage. ~a! A weak hologram re-
corded at 60° in a 600-mm-thick sample and read immediately after
recording ~solid curve! and read again after flood cure ~dashed
curve!. ~b! A weak hologram recorded at 20° in a 200-mm-thick
sample read prior to flood cure ~solid cuve! and read again after a
uniform flood cure ~dashed curve!.
356 APPLIED OPTICS y Vol. 39, No. 14 y 10 May 2000
of the sample behavior is that, although polymeriza-
tion shrinkage occurs in both thin and thick samples,
it leads to chirped holograms only in thicker materi-
als.

Apparently, thicker samples undergo different di-
mensional changes from those in thinner samples as
a result of the shrinkage process. For example, uni-
form shifts of the peak location ~Fig. 3, ;0.17 ! are
observed in both samples after flood cure; as dis-
cussed above, these rotations are known to arise from
shrinkage along the direction perpendicular to the
glass substrates.10,34 The rotations are of the same
magnitude in thick and in thin samples and corre-
spond to a decrease of approximately 1.5% in the
sample thickness. As was shown recently, this type
of shrinkage can be counteracted during hologram
writing in some instances.6 A more serious problem,
however, is the distortion of the peak shape observed
in the 950-mm sample after a flood cure @Fig. 3~c!#.

hese changes are the hallmarks of nonuniform dis-
ortions in the fringes of plane-wave holograms.

hereas transverse shrinkage has little effect on the
easured diffraction efficiency, chirped holograms

xperience a substantial decrease in scattering effi-
iency.38

These data suggest that in thicker samples the
dimensional changes brought about by photopoly-
merization occur both parallel and perpendicular to
the glass substrates. If completely unconstrained
the photopolymer would shrink uniformly in all di-
mensions; however, in thinner samples the adhesion
of the polymer to the rigid glass substrates provides a
force that opposes any changes in the polymer’s shape
in the direction parallel to the glass. Thus, the
substrate–photopolymer interface acts to restrain
shrinkage and effectively places the polymer under
tensile stress parallel to the plates. Our results sug-
gest that, as samples become thicker, the force re-
quired for maintaining the shape of the polymer
grows sharply, whereas the interfacial constraints
remain roughly constant. At some critical thick-
ness, sample distortion in the plane of the plates
becomes possible, leading to either delamination of
the sample from the plates, curvature of the plates
themselves ~lensing!, or nonuniform shrinkage where
he middle section of the photopolymer contracts
hile the edges remain fixed by the substrate.
Not surprisingly, the relative magnitude of these

hree effects is sensitive to the thickness of the glass
upports. If very thin glass slides ~200 mm! are used
s substrates, then samples exhibit strong lensing
fter flood illumination. In this instance the force
equired for bending the substrates is minimal, and
he samples are able to shrink to some extent in all
imensions. If thicker glass substrates ~;3 mm! are

employed to prevent bending of the glass substrates,
then the films delaminate from the glass. Here the
adhesive force between the polymer and the glass is
not sufficient to hold the polymer under tension par-
allel to the plates. For the intermediate glass thick-
ness used in this study ~d 5 1 mm! nonuniform
hrinkage rather than sample delamination or lens-
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ing is observed. The center of the sample contracts
while the sample edges remain fixed by the substrate.
Such a distortion in the shape of the sample could
explain the observed angular response functions af-
ter flood cure. If these nonuniform changes in sam-
ple shape are indeed occurring in these materials,
then the shear strength of the photopolymer would be
expected to influence sample performance. This is
consistent with recent research38 illustrating that in-
creasing the tensile strength of photopolymer mate-
rials ~d ; 200 mm! can reduce the magnitude of
nonuniform shrinkage and the resulting hologram
chirp.

A quantitative analysis of the mechanical forces
and constraints in this sample geometry could pro-
vide insight into the complex interplay between pho-
topolymer thickness, substrate thickness, sample
shrinkage, and glass–photopolymer adhesion. Such
analyses have been performed on somewhat similar
systems, namely, polymeric coatings on glass fibers
subject to various mechanical and thermal stress-
es.41,42 In future studies these models will be
adapted to shrinkage-induced stresses in photopoly-
mer disks of the type studied here.

4. Conclusions

In this study we have illustrated that, as photopoly-
mers become thicker, their sensitivity to polymeriza-
tion shrinkage increases. For this reason the
theoretical scaling of dynamic range with sample
thickness cannot be assumed for this class of mate-
rials without experimental verification. It is impor-
tant to note that this result was observed in two
different photopolymer formulations with different
compositions and performance characteristics and is
likely to be observed with any photopolymer that
undergoes photopolymerization shrinkage. Rela-
tive to other commercially available photopolymers,
which exhibit transverse shrinkage of ;5%,2,3,6 the
shrinkage in this system is quite small ~;1.5%!.
The fact that even this low level of shrinkage has
such a striking effect on photopolymer performance
illustrates the importance of this issue in the design
of practical systems. Some new photopolymer for-
mulations have been reported that undergo little or
no polymerization shrinkage.16,20 In the current
tudy we have suggested that the advantages pro-
ided by the use of thicker samples for holographic
pplications could be fully realized in lower shrink-
ge materials that are not limited in thickness by
ther concerns.

This study was supported by the National Science
oundation ~CHE-9607270! and the Camille and
enry Dreyfus Foundation.
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