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An approach for fabricating wide-bandwidth and highly reflective Bragg grating structures with the
technique of holographic photopolymerization of a liquid crystalsLCd polymer composite is
presented. The key to this fabrication method that distinguishes it from previous methods is the use
of a nonreactive solvent, acetone, to dissolve the photoinitiator and coinitiator in an acrylate
monomer/LC mixture. The addition of acetone results in the creation of controllable periodic voids
inside the thin film after the acetone evaporates. Peak reflectivity as high as 80% and a broad
reflection bandwidth of 80 nm were observed in the reflection gratings formed with acetone present
in the starting mixture. It was estimated from a fit to the experimental data that the resulting index
mismatch was approximately 0.2; consistent with the presence of air voids. It is determined that
tunable wavelength, diffraction efficiency, and bandwidth of reflection notches can be achieved by
backfilling with fluids of different refractive indices. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1880435g

There have been a number of studies determining the
ability to form both static and switchable Bragg grating
structures using a photopolymer system with holographic
interferometry.1–4 These structures have demonstrated appli-
cation to color filters for display systems.5 Moreover, exten-
sions of making periodic structures with this holographic for-
mation have demonstrated the optical microfabrication of
switchable photonic band-gap crystals.6,7 As a review, in the
standard acrylate photopolymer system used for electrically
switchable gratings, syrups containing a monomer, a photo-
initiator, a coinitiator, and liquid crystalssLCsd are sand-
wiched together and irradiated by an optical grating that is
formed by the interference of two coincident coherent laser
beams. In this manner, the monomer is polymerized in the
bright regions of the resulting optical grating and the LCs are
forced to diffuse and then phase separate in the dark regions
of the optical grating. For a given thickness, the diffraction
efficiency sDEd of these holographically written gratings is
determined by the refractive indexsRId mismatch between
the polymerized region and the LC-rich region.8–10The pres-
ence of phase separated LC domains imparts the electro-
optic variability.

Recently, much research has focused on the study of the
role of each constituent material in the acrylate photopoly-
mer system.11,12 Moreover, additional components, such as
nonreactive fluorine-rich biphenyl molecules and surfactants,
have been added to the system and the threshold field for
electro-optic switching decreases from 11 to 3 V/mm and
the relaxation time increases from 156 to 312ms.13 Gener-
ally, in order to reduce the viscosity of the monomer and to
ensure the homogeneity of the syrups, a reactive solvent,

N-vinylpyrrolidinone sNVPd, is used.14 NVP helps to dis-
solve the photoinitiator and coinitiator and aids in a homo-
geneous dispersion of the LCs in the syrup. In addition, NVP
is also involved in the chemical reaction that forms the
crosslinking polymer structure during the photopolymeriza-
tion process. In the recent experimental study reported here,
we have found that instead of NVP, acetone could be used as
a nonreactive solvent to dissolve the syrup. Interestingly
however, it was observed that immediately after the two-
beam interferometric exposure of the prepared syrup sand-
wiched by two glass plates, acetone coexisted with the poly-
merized film and no grating was observed. Subsequent
evaporation of acetone from the film induced by the removal
of one of the two substrates led to the development of strong
reflectionspassived notches. The large contrast is the result of
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FIG. 1. Transmission spectra of the grating samples,sad NVP sample;sbd
acetone sample without removing cover slide; andscd the same sample as
sbd but acetone was evaporated by removing the cover slide. The ratio of
acetone: LC: photopolymer was 20:20:60 by weight percentage.
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the index difference between the high index of the polymer
and the low index of the void generated while the acetone
evaporated. In direct contrast to the addition of nonreactive
fluorine-rich biphenyl molecules reported earlier,13 the ac-
etone is not intended to improve the electrical properties and,
in fact, the formation of voids makes electrical switching
difficult. However, the addition of acetone allows functional
porous polymeric structures for sensing applications14 to be
easily fabricated. Morphological results and the optical shape
and depth of the notch indicate the formation of periodic
voids on a length scale commensurate with Bragg reflection
in the visible. Using this method, high DE, and wide band-
width gratings can be obtained.

The prepolymer syrup employed for this study consisted
of an acrylate monomers,60%d sDipentaerythritol hy-
droxypenta acryalate from Aldrichd, LCs s,20%d sTL213,
n0=1.527ne=1.766, from EM Industries, Merckd, a coinitia-
tor sN-phenylglycine, from Aldrichd, a photoinitiatorsRose
Bengal, from Spectra Group Limitedd, and acetone
s,20%d sfrom Aldrichd. A reference sample, which con-
tained NVP instead of acetone, was also prepared for com-
parison purposes. For simplicity, we will refer to these
samples as the NVP sample and the acetone sample. The
writing beam for the interferometry was the 514 nm line
generated by an argon-ion laser. The laser was expanded
with a 43 microscope objective and collimated with a 20 cm
focal length lens. The grating was written with a one-beam
setup in which the writing laser beam enters a right-angle
prism and self-interferes with its internally reflected beam.15

The laser power was adjusted to 100 mW and this interfer-
ence pattern was incident on the sample for an exposure time
of 30 s. The reflectivity of the resulting reflection gratings
was measured by a Shimatzu UV-3101PC spectrometer
working in the transmission spectra mode. The grating mor-
phology was measured via low voltage scanning electron
microscopysLVSEMd and bright-field transmission electron
microscopysBFTEMd.

For the typical photopolymer syrup utilizing liquid crys-
tals with NVP, the reflection grating was formed and observ-
able during the holographic writing as shown in Fig. 1sad.
The reflection notch centered at 675 nm typically possessed
30–50% DE and a narrow bandwidths20–30 nmd. This
notch appears almost immediately and grows in magnitude
during the early part of the holographic exposure. In contrast,
for samples containing acetone rather than NVP, no notch is

observed upon holographic exposure as shown in Fig. 1sbd.
This suggests a uniform RI profile across the thickness of the
cell. However, once the top substrate of the cell was re-
moved, a deep notch centered at 640 nm, with considerably
more bandwidth and reflectivity than the NVP sample, is
formed as indicated in Fig. 1scd. The breadth of the notch is
indicative of a large RI profile, similar to standard HPDLC
gratings, wherein the LC has been removed and replaced by
air.6 The depth of the notchs80%d for such a thin film
s,3 micronsd also is supportive of a large RI profile.

We speculate that upon initial holographic exposure, a
grating in crosslink density must form due to the spatially
periodic polymerization profile; however, because the sample
is swollen with acetone, any initial periodic structure is ho-
mogenized and thus little RI profile and no reflection notch
are observed. Upon evaporation of acetone, the highly
crosslinked regionsshigh intensityd collapse upon them-
selves, leaving dense polymer layers separated by voidssaird
that are formed in the lightly crosslinked regionsslow inten-
sityd. During the photopolymerization process, more acetone
migrates toward the low intensity regions which become
polymer deficient due to the low rate of polymerization.
Upon removal of acetone, a lightly crosslinked highly porous
local morphology is developed. Due to the holographic illu-
mination, this structure is periodic with a length scale dic-
tated by the writing geometry and initial laser wavelength.

Figure 2 shows the interior morphology of the evapo-
rated sample which consists of a periodic structure of the
crosslinked polymer and small, nanosized holes with an
overall periodicity commensurate with the writing geometry.
The BFTEM image clearly indicates that the periodic lamel-
lae of inclusions consist of material less dense than the sur-
rounding polymer. Figure 2sbd shows a typical scanning elec-
tron microscopy sSEMd image of the resulting grating
structure and also reveals periodic nanoscale voids separated
by dense polymer layers. The hole diameterssand periodic-
ityd appear to be slightly smaller in the SEM images due to
the collapse of the grating, commonly observed due to
sample preparation artifacts. Both sets of images yield peri-
odicities commensurate with the notch wavelength. From the
optical transmission spectrum,lBragg is 635 nm and the av-
erage index,nave, can be estimated at 1.43 by assuming a
composition of 60% polymers1.52d, 20% LCs1.6d, and 20%
air s1.0d. Therefore, a calculated optical spacing of 220 nm is
in close agreement with that measured from the micrographs.

The reflection efficiency of the volume grating can be
expressed by Kogelnik coupled wave theory16

h =
1

1 + s1 − «2/n2d/sinh2sn2 − «2d1/2,

wheren =
pDnL

lBragg
and« =

2pDlLnave

lBragg
2 .

whereDl is the half width half maximum of the spectrum
andDn is modulation of the RI,L is the film thickness, and
lBragg is the reflection wavelength satisfying the Bragg con-
dition. From this equation, the dependence betweenDn and
nave is plotted in Fig. 3, using all parameters that were ex-
perimentally determined. Once the average RI of the grating
is determined we can approximateDn that would result in an
80% reflection efficiency. According to the volume fraction
calculation, thenave was ,1.43 and the correspondingDn
would be,0.165. This value is quite similar to the value of

FIG. 2. LVSEM and BFTEMsinsetd images of the grating structure of the
acetone sample.
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0.20 which we estimated using the Berreman 434 matrix
method.17 Savantet al.18 suggested that it is not suitable to
use the coupled wave theory for calculating the index mis-
match for broad bandwidth reflection gratings, e.g.,
Lippmann–Bragg broadband holographic grating, and that
the coupled wave theory always underestimates the value of
Dn. Therefore, the value ofDn for the acetone grating
sample is probably larger than 0.17 and this value is very
high when compared to DuPont’s holographic photopolymer
which has an averageDn around 0.08.5,19

The optical spectra and analysis indicate a large periodic
n profile, much larger than can be obtained by periodically
phase separated LC voids and polymersnp=1.52, nLC=1.6
−maxDn,0.08d. This conclusion leads to the natural ques-
tion of where the LC resides. Although there may be small
amounts of LC at the edges of the air voids, all data support
the conclusion that the LC is presentssolvatedd in the
crosslinked polymer and not phase separated. In previous
work, no appreciable DE is observed for samples containing
less than 18% LC indicating that there is finite solubility of
the LC in the crosslinked polymer. Moreover, a lack of any
DE in these samples indicates that enough mobility is present
in the final system to allow any compositional gradientsand
thus DEd formed during the initial part of the holographic
exposure to be eliminated. The finite solubility of LC would
also be enhanced by the presence of acetone. Also, prelimi-
nary attempts to switch these samples were not successful.
The evaporation of acetone and formation of voidssand thus
a large fraction of aird are clearly the drivers behind the
formation of these reflective notches.

Figure 4 shows the potential ease of variability this sys-
tem provides. Specifically, Fig. 4sad shows the reflection
spectrum of the as produced structure, Figs. 4sbd–4sdd show
the reflection spectrum of the film back-filled with acetone
sn=1.36d, chloroform sn=1.45d, and toluenesn=1.50d, re-
spectively. As the RI of the solvent is increased, the notch
wavelength redshifts due to an overall higher average RI
while the notch depth diminishes as the RI difference be-
tween the polymer and the solvent filled voids becomes
smaller. The large sensitivity of these structures to these
slight changes in RI may hold promise in the area of low-
cost high fidelity sensing applications.

In conclusion, we have produced high efficiency and
broad bandwidth reflection gratings using a holographic re-
cording method. In contrast to standard LC/NVP samples,
the grating is not observable until the solventsacetoned

evaporates. The strong notch reflection is due to the forma-
tion of periodic air voids that are left, once the anisotropi-
cally crosslinked polymer de-swells. For a very thin film, a
deep and broad reflection notch confirms a large RI differ-
ence that can arise only from a substantial portion of air
voids. The simplicity of this technique shows the potential
ability to create high performance reflection gratings of any
color, DE, and/or bandwidth.
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FIG. 3. Index mismatch vs the average refractive index of the grating, where
h=80%,Dl=40 nm,d=3.1 mm, andl=640 nm.

FIG. 4. The spectra of the acetone sample obtained after backfilling with
different materialssad air voids nair sn=1d sbd acetone,na sn=1.36d scd
chloroformnc sn=1.45d, andsdd toluenent sn=1.50d.
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