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Abstract: Recently, a novel holographic diffraction grating made of
polymer slices alternated to homogeneous films of nematic liquid crystal
(POLICRYPS) was realized. We study the optical performance of the
POLICRYPS gratings by both numerical simulations and experiments.
Characterization of the grating at normal and conical reading mount are
performed. The diffraction efficiency depends strongly on the angles of
incidence. Besides, the characterization of the diffraction efficiency at
Bragg angle incidence is studied. A uniform high diffraction efficiency is
achieved when the incident wave satisfies the Bragg condition.
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1. Introduction

The realization of holographic diffraction gratings in composite materials has been widely in-
vestigated in the past 20 years [1, 2]. It has been shown that devices based on holographic
polymer dispersed liquid crystals (H-PDLC) have good diffraction efficiency. However those
devices have some intrinsic drawbacks [3] because of the particular droplet structure of the
nematic liquid crystal (NLC) formed in such gratings. Some years ago, a new kind of holo-
graphic diffraction grating made of polymer dlices alternated with homogeneous films of NLC
was realized, named Polymer Liquid Crystal Polymer Slices (POLICRY PS) [4]. The standard
POLICRY PS grating writing process was performed on a stabilized setup [5]. A sharp and uni-
form morphology was obtained in such gratings and no droplet structure was observed [6]. To
avoid the formation of the NL C droplets during the curing process, the syrup of photo-initiator-
monomer-NL C mixture has to be heated up above the nematic-isotropic transition temperature
of theNLC.

The POLICRY PS grating can be applied to high resolution display systems considering its
high efficiency and low cost [7]. In this kind of applications, we areinterested in the diffraction
efficiency of the grating not only at normal incidence, i.e. the plane of incidenceis perpendicular
to the grating grooves, but also at conical incidence mount. In this case, the direction of the
beam has to be specified not only by the polar angle 6 with the normal but also by the azimuthal
angle ¢ (see Fig. 1(a)). The azimuthal angle ¢ isthe angle with the x-axisin Fig. 1(a).
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In the past decades periodic gratings consisting of an anisotropic material have been studied
by several researchers. The Coupled Wave Method for isotropic gratings[8] has been extended
to anisotropic gratings by Rokushimaet a. [9], Glytsis et al. [10], Mori et a. [11] and Monte-
mezzani et al. [12]. The Chandezon method (C-method) has been applied to anisotropic grat-
ingsby Harriset al. [13]. Li [14] has extended his Fourier modal method (FMM) to anisotropic
gratingsaswell. Li’'s FMM also allows conical incident angles.

Analytical methods often involve a simplification or approximation such that the formulae
can be applied conveniently to a certain situation or configuration geometry and very often the
calculation isrestrained to extreme simple structures. Instead a versatile numerical method can
handle more complex configurations and yield approximation solutions with sufficient accu-
racy. Thereforein our work a numerical code based on Finite Element Method (FEM) [15, 16]
is employed to model the POLICRY PS gratings. The FEM is aflexible numerical method, be-
cause both periodic and non-periodic configuration and all kinds of materials can be modeled.
In particular, anisotropic and inhomogeneous materials with arbitrary principle axes can be
treated without problems. Compared to other methods, the extension to the anisotropic material
israther trivial. In this paper we present both simulation results and experimental measurements
for both normal and conical incidence characterization of the POLICRY PS gratings. The Bragg
transmission effect is also studied.

2. POLICRYPSgratings

The standard curing process to obtain a POLICRY PS grating has been discussed in Ref. [4].
An Art laser (A = 351 nm) is used to obtain a UV-curing interference pattern. Both recording
beams are TE polarized to maximize the intensity modulation. The recording angle 6 recorg. IS
approximately 8.3° to achieve a grating pitch A of 1220 nm. The NLC weight concentration is
26% of theinitial mixture, obtained by diluting NLC BL-001 (by Merck) with the pre-polymer
system Norland Optical Adhesive NOA-61 [17]. In the curing process, first, a polymerization-
driven redistribution of monomers and nematic components over the fringes of the interference
pattern takes place. Second, a separation of the nematic phase follows which is in the dark
regions of the interference pattern.

The dielectric permittivity modulations obtained for such a POLICRY PS grating is calcu-
lated accurately by a chemical-diffusion model [18]. In this model the concentration profile
depends on two parameters G and B. The parameter G is proportional to the diffusion constant
of the monomer and the other parameter B is proportional to the intensity of the curing pattern.
To make POLICRY PS gratings, it requires that G << 1 and B > 1. The concentration of the
polymer and the NLC are periodic functions of position in space, v(&) and o(&) respectively
with & = (2 /A)x. With the obtained concentration profiles, the index modulation profile in
the x direction can be calculated by the following equation:

&x(8) = [g) + (gerr — &) V(E)]0(S) + &pai V(E), @

where g and e, arethedielectric permittivity constants parallel and perpendicular to the direc-
tor of the pure unaligned NLC, eeft = (g +2¢.) /3 represents the effective dielectric constant
of the LC and &, isthe dielectric permittivity constant of the polymer. In the above equations
V(&) = v(&)/vmax represents the normalized polymer concentration. The obtained profile of
the x-component is displayed in Fig. 1(b). Eq. 1 can be understood by considering some ex-
treme cases for the concentrations of theinvolved chemical species. Inthose areas of the grating
whereonly LCispresent (v(x) = 0), we assumethat L C moleculesare oriented along the x-axis
and TM-polarized probe light then experiences the diel ectric constant:

&(8) =¢o(8). )
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Another possibility is given when only polymer is present (o(£) = 0). From Eq. 1 we see that:

&(8) = gpol v(E). (€©)

In the points where the polymer concentration reaches apeak value (V(£) = 1), we assume that
some liquid crystal is dispersed in the polymer but its concentration is very low and hence its
dielectric constant correspondsto the effective one ¢ of the LC:

&(S) = €ef10(8) + £pal () V(S)- 4
Dielectric permittivity x-component
25
z 2.49 N i
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Fig. 1. () Coordinate system and angles 6 and ¢; (b) Cal culated x-component of the dielec-
tric modulation; (c) Cross-section of the grating geometry and wave propagationg direction
of TM polarization. Respectively, kT or ktg indicates the wave vector of the TM or TE
polarization and Sisthe unit vector along the Poynting vector of the TM polarized wave.

In the macro scale, the average director of the NLC is perpendicular to the walls of polymer
dlices, i.e. the optical axis of the NLC is along the x-axis, so that the parallel dielectric constant
of the NLC is aong the x-axis, i.e. &x = g| and the perpendicular dielectric constant of the
NLC & = & = €, matches the dielectric constant of the polymer. Therefore the structure is
functioning as a transmission grating for TM polarization of which the electric field can be
expressed as.

Ex cos6!
E=| By | =A o |, TM polarization 5)
E, sino'

where A isthe amplitude. If the incident light is T E polarized, of which the electric field is:

Ex 0
E=| E |=A[ 1|, TE polarization (6)
E; 0
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it will not see the grating structure because of the match between the ordinary refractiveindex of
the NLC (no = /€1) and the refractive index of the polymer (N = /€por) and will propagate
through without being diffracted.

The wavefronts of the propagating waves in NLC are shown qualitatively in Fig. 1(c). The
semi-circleisthe wavefront of the TE polarization which senses the isotropic refractiveindex of
NLC and the semi-ellipseis the wavefront of the TM polarization which sees the extraordinary
refractive index of NLC. For the TM polarization the Poynting vector (energy flow) Sis not
parallel to the direction of the wave vector, instead it is perpendicular to the surface of the
wavefront asindicated in Fig. 1(c). When the optical axis of the NLC is aong the x-axisasin
our case, the Poynting vector aways has the same sign in the z-component as the wave vector.
This means that the TM polarization leaves the grating through the different surface from the
incident wave, into the transmitted field. The TE and TM polarizations propagate out of the
grating through the same surface. Thisillustrates the POLICRY PS as transmission gratings.

The geometry of the grating is shown in Fig. 1(c). The thickness of the gratingis 10 um and
is sandwiched in a glass cell. In our simulation, a slice-structure is adapted to make a similar
dielectric permittivity distribution as the real modulation profile shown in Fig. 1(b). From the
center of the NL C concentration region to the interface with the polymer, 9 slices of region with
gradually changing dielectric permittivities are defined and used. The dielectric permittivities
and thickness of all slices are listed in Table 1. The refractive index of the polymer is about
1.515, of which accordingly the dielectric constant is 2.2952. In our simulation, for smplicity
we assume thereis only modulation in the x-component of the diel ectric permittivity tensor and
we take gy = &, = 2.2952.

Thickness(nm) &x
LC; 46 2.492
LC, 17 2.48
LC3 12 2.47
LCy 11 2.46
LCs 18 2.45
LCs 17 2.44
LC, 23 2.43
LCs 29 2.42
LG 215 241

Table 1. The dielectric permittivity of the vertical slices which parallel to the z-axis, into
which the NLC has been divided to approximate the calculated profile shown in Fig. 1(b).

3. Methodology

3.1. Periodic gratings consisting of anisotropic material

We have studied anisotropic mediathat are translation invariant with respect to one directionin
previous work [19]. It has been shown there that for a configuration consisting of anisotropic
materials of which the dielectric permittivity € isinvariant with respect to the y-coordinate, the
Maxwell’s equations can be reformulated as two coupled partial differential equations for the
y-component of the electromagnetic field Ey and Hy only. In this work, the optical axis of the
NLC in the POLICRY PS grating is perpendicular to the polymer walls and thus parallel to the
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x-axis. The dielectric permittivity tensor of the NLC can be written as,

& 0 O
£= 0 gy O , @)
0 0 &

with g, = N3 = g and &y, = &, = N3 = &, . Thus the equations from [19] can be reformulated

as,
i _ v |lotd [ KE iv. L 2 ( WE
iouHy = iV [DEZ = ( ootiohy +iV- |5 = ooty )| (8)
oe0Sy = _Iwﬂov {Dﬂax( @poHy ﬂ _Iwﬂov 572z ouoHy /)| wHoAEy’
©)

where V is defined by,

( 9/dx
V= ( PYET: ) (10
and
D = (weotiosn — KI) (weoioez — KI), (11)
®?eofloez — K 0
AN = ( 0 w2eotoex — K2 ) 13
B 0 -1\ 0 —((1)28()#0822 - k;%)

‘Q_‘/V( 1 0 )_< w?eooexx — kg 0 ' (13)

2 2

o -1 [ 0°€otosx—k 0

M =DN = < 0 0eotioer — K ) : (14)

Note that D is the determinant of matrix 2. It is assumed here that D # 0. For the two polar-
izetion states TM and TE as defined in Section 2, in a general casg, i.e. ky # 0, the system is
coupled. This means when the incident light is purely TM or TE polarized, the diffracted light
will be elliptically polarized instead of preserving the linear polarization of the incident field.
For ky = O the plane of incidence is perpendicular to the grating structure, and then the TE and
TM cases are uncoupled because for TE: Hy = 0 whilefor TM: Ey = 0.

In our work a numerical code based on Finite Element Method (FEM) [15, 16] is employed
to performthe simulations. The FEM isageneral numerical method for solving boundary value
problemsin mathematical physics. A computational domainin the (x, z)-planeis defined and is
such that all nonplanar layersand all anisotropic layers are containedin itsinterior. The domain
istruncated in the vertical direction by a Perfect Matched Layer (PML). In this computational
domain, a boundary value problem for the vector Helmholtz equation for either the electric
or magnetic field is formulated. The accuracy of the method has been tested for both normal
incidence and conical incidence in our previous work.

We remark that the present model differsfrom the one described in [15, 16] on the numerical
method used to solve the discretized linear system of equations. In [15, 16] an iterative method
was used with approximate minimum fill-in (AMF) reordering and a preconditioner from ILU-
PACK of Yousef Saad and Matthias Bollhoefer (see [20]). This preconditioning requires a lot
of computation memory, in particular for three dimensional problems. In the present version
of the code the sparse linear solver Pardiso [21, 22] is used. Due to this not only much less
memory is needed, but also the computation time has been reduced drastically.
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3.2. Bragg transmission grating

Consider a plane wave with wave vector k incident on a periodic grating with pitch A, of which
the grating vector is along the x-axis. The wave vector is given by,

Ky [ siné' cos¢’
k=] k | =kn'[ sin@'sing’ |, (15)
k, coso'

with ko = 27/, n' is the refractive index of the incident medium and (8',¢') are the angles
of incidence. When the x-component of the wave vector satisfies the Bragg condition (see Fig.

2(a)),
—2k-A=27-m (16)

where mis integer, constructive interference occurs, due to which a very high diffraction effi-
ciency can be obtained in the m" diffracted order. By substituting Eq. 15 in Eq. 16, we get

. . 2
inpl i m
sin®' cosg! = —m- —— 17)
Ifm=-1,
snfg = A for o' = 0° (18)
B T 20 ¢ =0,
. A i .
Sin6g m, for ¢' # 0°. (29

According to Eq. 19, the wave vector of the reading beam with incident angle (6, ¢') forms a
conein space as shown in Fig. 2(b)

Fig. 2. (a)Bragg condition in (x,z)-plane; (b)Bragg condition in 3D space.

3.3. Experiment

A schematic diagram of the experimental set-up is shown in Fig. 3. Collimated laser light was
used as light source. A polarizer was used to control the polarization of the reading beam. Two
lasers were used in our experiment. One was a He-Ne Laser with wavelength of 633 nm and
the other one, adiode laser with wavelength 532 nm. Theintensity of the transmitted diffracted
beamsis measured by a photo-detector. A translation stage was designed such that the mounted
grating sample can be tilted and rotated in three dimensionswith any arbitrary angle (0, ¢ ) with
high accuracy (in 0.1°) and stability. There are two operating angles o and 3 as shown in Fig.
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3, which are different from the conventional definition of the combination of the polar angle 6
and the azimuthal angle ¢ as shown in Fig. 1. The correlation between them can be expressed
as,

tana = tan@sing, (20)

sinf = sinfHcose. (21)
[ \\E
! A ¥
! i b
i | : Grating t\ Detector

_____ i P RN | SN SR s I
: | i DD\
Laser polarizer ; H
i \ o
b e i
Spatial filter Diaphragm
(OB

Fig. 3. Experimental set-up for both normal and conical incidence.

4, Resultsand discussion
4.1. Normal incidence

As has been discussed in Section 3.1, when the plane of incidenceis perpendicular to the grating
grooves, i.e. ¢' = 0°, the TE and TM polarization are uncoupled. The diffraction efficiency of
the transmitted field for TM polarization was cal culated and measured in this normal incidence
mount. The efficiencies are plotted as function of the angle of incidence 6 in Fig. 4 . When
the angle of incidence ' changes from 0° to 30°, there are three dominant diffracted ordersfor
red light (633 nm), namely the +1% (indicated as -1T and 1T in Fig. 4(a), and similar terms
are used for other orders in the plots and we omit explaining each one when it occurs in the
following text) and 0t orders and for green light (532 nm), there are four dominant diffracted
orders, namely the —2", +-1% and 0™" orders. The sum of theintensity of the transmitted orders
is defined as the total transmitted intensity lqta . The relative intensity of the diffracted orders
is defined as the intensity of each order divided by the total intensity, Rl = | order /ltotal -

The diffraction efficiencies are strongly dependent on the angle of incidence 6 '. The pitch of
the POLICRY PS grating sampleis 1220 nm. For red light with A = 633 nm, the Bragg anglefor
the —1% diffracted order is calculated with Eq. 18 and is equal to 15°, and for green light with
A =532 nm, the Bragg angle for the —1% diffracted order is 12.6°. For TM polarization avery
high diffraction efficiency was observed when the angle of theincidenceis equal to Bragg angle
(6g). The high diffraction efficiency in the —1% diffracted order at the Bragg angle is verified
by the experimental measurements as shown in the Fig. 4. The narrow peak of the —1% order
shows that the POLICRY PS grating has a good angular selectivity. For the 633 nm reading
wave, a very good agreement is obtained between the simulations and the measurements, by
using the dielectric permittivity modulation profile shownin Fig. 1(b). For the green wave with
A = 532 nm, the refractive indices should be changed according to dispersion, but this could
not be done accurately because we are dealing with a mixture of materials. It is the reason for
the discrepancy at small and large angles of incidence for the green reading beam.
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Fig. 4. The diffraction efficiency of TM polarization at normal incidence, i.e. ¢' = 0° and
0° < 67 < 30° for (a) red light (633 nm) and (b) green light (532 nm). The star-dashed lines
are experimental measurements and the dot-solid lines are calculations. In the legend, -1T
denotes the —1% diffracted order of the transmitted field, etc.

4.2. Conical incidence

Conical incidenceis of interest for the application to display systems|[19, 23]. We have studied
the diffraction efficiency of the POLICRY PS grating at conical incidence (the plane of inci-
dence not perpendicular to the grating, i.e. ¢ # 0°) as shown in Fig. 5. The polarization of the

¢ =90

Fig. 5. Conical incidence configuration: the rays of incidence form a cone with respect to
the normal of the POLICRY PSgrating.

reading beam is TM. For fixed 8' and varying ¢' in the range 0° < ¢' < 70°, the diffraction
efficiency of the transmitted field was simulated and measured. The results are shown in Fig.
6. For red light (633 nm), ' = 15° and for green light (532 nm), 6 = 13°. When the plane of
incidence is moving away from the perpendicular position to the grating structure, the Bragg
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Fig. 6. The diffraction efficiency of TM polarization at conical incidence, for ° < ¢! <
70° and 6' = 63, for (a) red light (633 nm) 6' = 15° and for (b) green light (532 nm)
0! = 13°. The star-dashed lines are experimental measurements and the dot-solid lines are
simulations. In the legend, -1T denotes the —1% diffracted order of the transmitted field,

condition is not fulfilled anymore. The diffraction efficiency of the —1% diffracted order de-
creaseswhen ¢' is getting larger. Thisis predicted by the simulations shown in Fig. 6 (dot-solid
lines in the figure) and confirmed by the experimental measurements (star-dashed lines). From
the figure we can see that up to 20° the diffraction efficiency of the —1% order is still quite high.
This means that the POLICRY PS grating has a good tolerance range for the conical mount.
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Fig. 7. Polarization analysis (based on simulation results) of the diffracted orders at the
conical mount for 633 nm red light with () TM polarization analyzer and (b) TE polariza-
tion analyzer. The dash-dot lines are the same plots of the smulations resultsasin Fig. 6(a)
and are included here as a reference for the two decomposed linear polarization in each
order. In the legend, -1T denotes the —1% diffracted order of the transmitted field, etc.

In Section 3.1, it has been shown that in a conical incidence mount, i.e. ky # 0, the system

of Eq. 8 and Eq. 9 are coupled and thus polarization states of the diffracted waves are different
from that of the incidence wave. To analyze the polarization states of each diffracted order, the
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electric field vector of each order is decomposed as two linear polarizations, TM and TE. The
relative intensity for each linear polarization component is calculated based on the simulation
resultsandisplottedin Fig. 7. It is easy to see the coupling between the two linear polarizations.
When the azimuthal angle ¢' is small and the plane of incidence deviates from the normal
incidence mount with arelatively small angle, the TM polarization dominates in the diffracted
field. With the angle ¢' getting larger, TE polarization couples out in the diffracted orders. For
some polarization sensitive applications, a polarization analyzer is necessary to be used with
the POLICRY PS grating to remove the undesired polarization component in the transmission
field.

4.3. 3D Bragg condition

Aswe discussed in Section 3.2, when the plane of incidence is not perpendicular to the grating
structure, i.e. ¢' # 0°, aBragg angle 6 exists as function of ¢'. If the Bragg condition for the
incident field is satisfied, a maximum diffraction efficiency can be obtained. To test this effect,
TM-polarized light with wavelength 633 nm is used as reading beam. For the —1% order, the
Bragg angle 6g is calculated for varying ¢' from 0° to 60° according to Eq. 19. For each ¢',
the incident angle @' is changed from (8 — 2°) to (6g +2°). For each (6',¢') the diffraction
efficiency was calculated and measured. Then the angular distribution of the mt" diffracted
order can be calculated for varying incident angles 6 and ¢' from the following equations:

ndcos¢sing? = n' cos¢isin6i+%, (22)

ndsingsine? = n'sing'sing'. (23)
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Fig. 8. (a) Measured angular distribution (69, ¢9) of the diffraction efficiency of the —1%
diffracted order for the reading beam of 633 nm when the incident angles (6", ¢') follow
the Bragg condition as discussed in Sec. 3.2. (b) Diffraction efficiency along the center
(accordingly the incidence with Bragg angles marked with stars) and edges (accordingly
incidence deviating from the Bragg condition marked with triangles (—2°) and with circles
(4+2°)) of theribbon in (a). The solid lines indicate simulated results, and the dashed lines
experimental measurements.
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The angular distribution of the diffraction efficiency of the transmitted field for the —1 % order
isshown in Fig. 8. The transmitted field of the —1% order spans aribbon region. Asisshownin
the figure, the diffraction efficiency has a maximum at Bragg angle incidence (indicated by the
dotted linein the center of the ribbon). The diffraction efficiencies at (6, ¢') (along the center
dotted linein the ribbon of Fig. 8(a)) and at (6 + 2°) (along edges of the ribbon) are shown as
afunction of the incident angle ¢' in Fig. 8(b). The curves show a uniform distribution of the
diffraction efficiency at the corresponding Bragg incidence angles (6, ¢').

5. Conclusions

POLICRY PS gratings offer very good optical properties because of their sharp and uniform
morphology. A sample grating has been studied by using a rigorous model, as well as by ex-
periments. A very good agreement is obtained between calculations and measurements. An
experimental check of the grating efficiency at normal incidence shows a strong angular selec-
tivity around the Bragg angle. By using a 633 nm reading beam, a maximum of about 95% in
the diffraction efficiency at the Bragg angle is observed. When the reading beam is switched
to 532 nm green light, a slightly dropped diffraction efficiency value evidences the wavelength
dependence of diffraction performance of the POLICRYPS. A conical incidence characteriza-
tion of the diffraction efficiency of the grating is performed for the first time. Results show a
good tolerance range of conical tilting with the grating, Indicating it is suitable for applications
in e.g. display systems. A detailed characterization has shown that a uniform high diffraction
efficiency can be achieved by moving the incident angles along the Bragg angle of incidencein
3D space.

Acknowledgments
Thisresearchis part of STW - Dutch Technology Foundation project DOE. 6823.

#97639 - $15.00 USD  Received 19 Jun 2008; revised 12 Aug 2008; accepted 26 Aug 2008; published 2 Sep 2008
(C) 2008 OSA 15 September 2008/ Vol. 16, No. 19/ OPTICS EXPRESS 14543



