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Abstract

We report on the stress birefringence distributinduced by the photopatterning of a
multifunctional crosslinkable acrylate monomer st&red in the visible range. The patterning
of this material, prepared in a glass cell of a fi'ams of microns thickness, is obtained
through illumination in a two steps process. Thstfstep is performed using an illumination
pattern with a high contrast and a low spatial destpy. The second one is a uniform
illumination. The discrepancies in the shrinkag@ezimented by the material leads to the
apparition of patterned stress birefringence reagearough polarimetry and diffraction

measurements.

(050.1940) Diffraction and gratings: Diffraction
(160.4890) Materials: Organic Material
(260.1440) Physical optics: Birefringence
(260.5430) Physical optics: Polarization

Nowadays, photopolymers have become true opticaknmés suitable for the fabrication of
diffractive or refractive elements. Beside the pubt/ of the direct photopatterning of the
material surface and refractive index at a micrpgrecale, photopolymers simplify and lighten
the fabrication of optical elements. Indeed, th#gpaing is achieved in a one step illumination
process which does not require any chemical peatrtitent and can be performed at low
temperature. The application fields of the photgpwrs are principally holography and the
microscale optical element€.Moreover, the doping of the photopolymer matrixtwpush-pull
chromophores opened new development to non lingigzsd by allowing the spatial control of
the quadratic optical non linearity.

In general, the photopolymers are considered asoj@o materials but anisotropy of the
refractive index may appear under some specifiditions. Indeed, the birefringence can be
obtained by using additives or chemical moietieshwdefined functions. For example, a
photocrosslinkable liquid crystal is able to freezke mesophase orientationafter
polymerization and inherit of permanent birefringenproperties. Some specific monomers
exhibiting a light polarization dependant photostwdking allow the control of the polymeric
chain grow direction. These materials are usedqgadl crystal alignment lay&t for the design
of polarization control devices. The birefringencey also appear in non functionalized
photopolymers, however in that case they are psacesind used in defined conditions. In
particular, when sub-wavelength refractive indexatiggs are built in the medium, the



birefringence may originate from the so-called fobirefringence regim& One also obtains
some birefringence by applying external anisotrgpiesses (mechanical, electrical, thermal...).
Finally, the diffraction properties of thick gragist®> depend also on the polarization state of the
incident beam and can then be used to build birgént elements.

In this letter, we present an original way of inishgcspatially distributed birefringence in an
acrylate based photopolymer. The material usetees from any optically anisotropic additives.
When the photocrosslinking is induced by an anogtr distribution of the actinic light
intensity, the photopolymer undergoes an anisatreprinkage that leads to a mechanical stress
and consequently to a permanent birefringence.phie@omenon was observed while patterning
the material using binary intensity gratings (Ranaling) and studied by characterizing the
diffraction properties in the Raman-Nath regimecdiégd in the following formalism.

The photocrosslinkable material presented in ttapep is prepared in films with a typical
thickness of few tens of microns and the gratingcsm values explored are large compared to
the wavelength. These experimental conditions epoed to the Raman-Nath diffraction
regime. Considering a linearly polarized beam atmab incidence, the amplitude of the
diffrlazuﬁed intensity in théd order in the Raman-Nath diffraction regime is givagy equation
Q):~

A2 (2zan d), (1)
whereA is the amplitude of this incident wave linearlylasized in the direction, J; is thel™

order Bessel function of the first kind, the wavelengthd the sample thickness anth; the
amplitude of the refractive index modulation in thiectioni. The polarizations of the different
beams are described by their components paraltélpanpendicular to the grating wavevector

Kg . The electric fields associated to the differezdiins are given by equation 2:

A=Hﬂ”cos@ &, +H§”sin6’ & =A8 +A &

r( I A [P ! (2)
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where A and 5\'1 are the electric fields associated respectiveltheincident beam and to the
diffracted beam at thé" order, 8 = (A, Kg), é, and & are the unitary vector rescpectively
parallel and perpendicular 'Kg, My and N the diffraction efficiency for th¢" order in the

parallel and perpendicular directions; and A5 are the corresponding projections AE The
angle betweeHZg and the diffracted beam polarizationl&torder, 6, = (Ac', : Kg), is given by

relation (3):
,7I
tandy =, |- tand . (3)
o

Equations (2) and (3) show that the intensitiethefdiffracted beams and moreover the rotation
of their polarization depend of the polarizatiortiod incident beam. Here the depolarization due



to the birefringence is not taken into account asnall birefringence does not induce an
important dephasing between the components paraiidl perpendicular t«IZg along the
propagation in a thin medium.

The material is based on a commercially availabfenctional acrylate monomer the tris[2-
hydroxy ethyl] isocyanurate triacrylate (SR 368,RSROMER speciality). This monomer, solid
at room temperature (E56°C), leads to a high hardness materiaj & 250°C) after
crosslinking. Its photosensitization in the visiblange is achieved by addition of bis(4-
cylcopentadien-1-yl)-bis[2,6-difluoro-3-(1H-pyrrakyl)-phenyljtitanium (Irgacure 784, Ciba
speciality) at a 3% wt. rate. The Irgacure is digedissolved in the liquid monomer at 65°C
without additional solvent and stirred over 12 urhe mixture is then conditioned in a few
tens of microns thick glass cell, filled by capiitg at 65°C. The shelf lifetime of the samples
extends over more than one month. The SR368 tendsystallize in the cell after a few days,
but it can be used after a new heating at 60°C.

The photopatterning of the material is achievedrbgging the desired pattern in the material.
The experimental set-up is shown in Fig. 1. An artgser provides the actinic light at 514 nm.
The object is illuminated by the expanded lasenbéa rotating diffusive disk is inserted at the
focus point of the beam expander to homogenizdigie distribution by time averaging the
speckle. The object is then imaged in the matdnalan association of two 1.4 numerical
aperture 50 mm camera objectives. The image pkagetiin the glass cell placed on a hot-plate.
The focus is achieved by adjusting the object posivhile observing the image quality at the
sample plane with a microscope. The objects imagdtie cells are binary intensity gratings
with different periods from 3 to 12 lines per nmiletre. The sample is placed between crossed
polariser and analyser. The variation of the trattedhlight intensity related to the bleaching of
the photoinitiator is monitored using a photodiddemeasure the light taken by a beamsplitter
before the analyser. The depolarization due to itlticed birefringence is monitored by
measuring the light intensity at the exit of thelgmer. The patterning process occurs in two
steps. First, the grating is imaged in the mateniaducing the photopolymerization of the
illuminated areas. In a second step, the gratingemoved and the sample is uniformly
illuminated. After the patterning process, the obagon of the sample with a polarizing
microscope reveals an alternation of bright andk dsiripes due to the photoinduced
birefringence (see Fig. 2).

In bulk polymerization process, the polymerizatidemperature, the photosensitizer
concentration and the illumination conditions gheaiffect the final polymerization rate and
therefore the material properties. We have stuttiecevolution of the induced birefringence as a
function of the actinic light intensities and thgesure times for the first structured illumination
and for the second uniform illumination steps. Hatterning protocol leading to the highest
observed birefringence is the following. During thibole process, the sample is maintained at
60°C, slightly above the monomer melting temperttw insure the fluidity of the mixture and
to improve the final polymerization rate. The filimination is achieved with a power density
of 2 mWi/cnf during 6 minutes. Then, the sample is left 20 n@ain the dark in order to ensure
a complete post-polymerization process in the iatad areas. Finally, the sample is uniformly
illuminated with a 0.5 mW/cmpower density during 80 minutes and cooled dowmotm
temperature.



We have characterized the diffraction propertiethefphotoinduced birefringent gratings using
633 nm linearly polarized light beam. The gratireyipd was 12 lines per millimetre and the
sample thickness was 100 microns. The gratingl$ulie Raman-Nath diffraction regime with a
Klein-Cook factot® Q < 0.1. At a normal incidence angle, the diffiactefficiency of the +/- 1

order is 1.0+£0.2 % for a light polarization parhite Kg and 0.6+0.2 % for a polarization

perpendicular t(Kg. No variation of the diffraction angle with polaaktion was observed. The

calculation of the refractive index modulation eéhived considering a sinusoidal grating in the
approximation of low modulation amplitud&.The diffraction efficiency data give an index
modulation amplitude ofin, = (2.0+0.2)-1d in the parallel direction andn;= (1.5+0.2)-1¢ in

the perpendicular direction. When positioning tample between two polarizers, the extinction
of the transmitted beam and of the diffracted beaenobserved at different orientations of the
output polarizer. For +/- 1 order diffracted ord#re largest rotation of the beam polarization

was 8, -8 = 22°, obtained for an incident beam polarizatingla @ around 45° (see Fig. 3). As

expected, the minimum orientation difference waseobed for a polarization of the incident
beam along the two directiorgs and &,. All these results are consistent with the cakoies

presented above. The model does not take into at@possible dephasing between the two
orthogonal polarization components. This agrees wie experimental results, as no sensitive
depolarisation of the transmitted or the diffractethm is observed. Indeed, if one considers a
sample with a uniform 5-0birefringence and a 100 microns thickness, at abmtidence, the
dephasing between the parallel and perpendiculapoaents is about 2° only and therefore can
be neglected in the description of the diffraction.

A similar polarization effect has already been dest@ted in acousto-optics experiméhfsr
crystals under mechanical stress. Neverthelesk,phibtopolymers, it is possible to record much
more complex birefringence distributions and ds thore easily than using acousto-optic effect.

If the induced birefringence is negligible in thaffrdction description, the induced
depolarization is high enough to be observed. Athgm is taken of this depolarization to
monitor the establishment of the birefringence. thas purpose, the patterning is achieved with a
sample placed between crossed polarizers (seelFighe grating direction is oriented at 45°
from the incident light polarization direction. Thght intensity transmitted through the sample
is measured before and after the analyzer in otdeseparate the contribution of the
photoinitiator bleaching from the birefringence ombe depolarization of the transmitted light is
already observed at the first step of the photepaitig process. This tendency remains in the
second step until its saturation at the end ofuthiéorm illumination. We interpret the origin of
the photoinduced birefringence as the effect ofestanechanical constrains due to the non
uniform shrinkage. Indeed, it is well known thae tholymerization of bulk acrylate monomer
based materials is accompanied by a matter desisaficinducing an increase of the refractive
index and the shrinkage of the medium. These @saswdify the refractive index ellipsoid via
elasto-optic effect. It is worthy to note that tipsenomenon is only observed in high hardness
material where the induced strains are not ablelax at short time scale. The photopatterning
of softer materials based on other monomers asagsjttitol triacrylate or even on plasticized
SR368 doesn’'t induce any observable birefringembe. observation of a depolarization at the
first polymerization step indicates that the amigic light distribution corresponding to an
inhomogeneous polymerization leads to stress bligian. This phenomenon is explained
considering the variation of the shrinkage with theection leading to anisotropic strains.



Therefore, by knowing the elasto-optic coefficiaift the material, it would be possible to
evaluate the strains induced in the materials.aRaariation of the sample thickness (between 40
and 200 um) and of the grating period (between® khlines/mm), the diffraction efficiency
remains around 1% and the birefringence aroundvalf®. These variations are low and the
influence of the experimental conditions cannotdiginguished from the effect of samples
variability. This agrees with the elasto-opticgyorias the effect depends on the deformation rate
and not with the absolute deformation. But, theiapeesolution of the imaging setup and of the
material itself would limit the observation of Hwegence at very low grating spacing.
Nevertheless, the examination with the polarizingrascope shows that 120 lines/mm grating
still presents some birefringence which gives hdpego to the sub-micron scale after
optimization of the material, of the set-up (spatésolution, depth of field) and of the process.
As mentioned before, the photopolymerization coodg (temperature, light intensity, exposure
time) have a sensitive influence. The conditiossduhere are comparable to these leading to a
high polymerization rate of the final product aheérefore to a high hardness material. Finally,
the lifetime of the induced birefringence distriloat appears to be very long. No modification of
the samples properties was observed over more dixamonths for samples stored at room
temperature.

We have demonstrated that a permanent distribuafohirefringence may be induced by a
photopatterning of high hardness photocrosslinkabégerials. The inscription of diffraction
gratings, operating in the Raman-Nath regime, vedwesed and we observed a rotation of the
polarization direction between the incident and tlifracted beams. The birefringence was
attributed to elasto-optic effect in the materiahene the photopolymerization using an
anisotropic light intensity distribution has inddcanisotropic strains in the material.

The development of this topic requires now the tgraent a new photocrosslinkable material
with improved birefringence properties. Among th#éfedent solutions arising, the most
promising one is the use of photocrosslinkablegsblmatrix. Indeed, they present a better
hardness compare to organics systems. The possitiliusing different metal alkoxy should
also provide a better control of the birefringence.

The mastering of the birefringent grating wouldwallthe control of the diffraction properties by
the control of the polarization of the incident tmeaHere only linear gratings have been
considered. It is possible to use more complicdtachination patterns (e.g. checkers board,
concentric circles) leading to very complex binefignce distributions that may be used to
control the polarization distribution in a light @a profile. Finally, the control of the
birefringence at a microscopic scale will recovegraat interest in the development and the
optimization of diffractive optics elements'®
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Figure captions

Figure 1. Experimental setup. (M) microscope objective, (Rjating diffusive disk, (C)
collimating lens, (G) binary grating, (O) Nikon ARIKKOR 50 mm camera objectives, ;jP
polarizer, (B) analyzer, (H) hot plate, (S) sample, (B) beantispli (D) photodiode for the
monitoring of the variation of the transmitted imé&y due to the photoinitiator bleaching, (D2)
photodiode for the monitoring of the variation difet transmitted intensity due to the
depolarization of light.

Figure 2. Image of the photopatterned sample using a ahayi microscope. (a) Incident
polarization parallel to the grating wavevectol), ificident polarization at 45° from the grating
wavevector, (c) incident polarization orthogonatte grating wavevector.

Figure 3: Polar plot of the intensity versus the exit pier orientation for a polarization of the

incident beam at 45° from the grating wavevectmlidSsquares: transmitted beam, hollow
squares: first order diffracted beam. The curvesespond to the square cosine fit. The
transmitted beam shows no depolarization. Therdler diffracted beam is linearly polarized and
its polarization is rotated with a 22° angle conagkto the transmitted beam.
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