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A theoretical model of holographic polymer-dispersed liquid crystal film with comb-shaped
electrodes has been constructed. The model combines anisotropic coupled-wave theory, Monte-
Carlo simulations for director profile within a liquid crystal droplet and statistical averaging
with the orientational distribution function for droplet symmetry axes. Influence of the
electric field applied along the grating vector on the diffraction efficiency has been studied.
The results obtained indicate a way to improve the grating characteristics.

ITocTtpoena TeopermuecKas MOLEJb I'OJOrPa(UUECKON IOJMMEeP-AUCIEPIUPOBAHHON JKU/I-
koxkpucramnndeckoil (I-IIIMMKK) miaenku ¢ rpebeHuaTsiMu sJaeKTpogaMu. B momenu o0bemu-
HSeTCA aHMBOTPOIIHAS TEOPUSA CBABAHHBLIX BOJH, KOMIILIOTEPHOE MOJEJIUPOBAHUE pPacIpeieie-
HUSA SUPEKTOPa BHYTPHU KUIKOKPHCTALINYECKON Karmiau meromom Moure-Kapisio u crarucTu-
yecKoe ycpenHeHHe ¢ (PyHKIMel pacrapemeileHus oceil Kamenab. KcciaemoBaHO BIHUSHIE
9JIEKTPUUECKOI'O II0JIA, IIPUJIOKEHHOI'0 BAOJb BEKTOPA PellleTKU, Ha TU(PPAKIIUOHHYIO 9(hpeKTuB-
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HOCTb. ITosyueHHBIE Pe3ybTaThl YKA3BIBAIOT CIIOCO0 YJIYUIIEHUS XapPaKTEePUCTUK PEIIETKHU.

Holographic polymer-dispersed liquid
crystals (H-PDLCs) are of interest due to a
number of potential applications thereof, in-
clude reflecting flat-panel displays, optical
connectors, diffraction lenses with tunable
focal length, optical data storage, and
image capture devices. H-PDLC materials
are formed by exposing a light-sensitive ho-
mogeneous monomer and LC mixture by an
interference pattern. The monomer amount
in the illuminated areas becomes reduced
due to polymerization and monomers from
the dark areas diffuse into the bright ones.
The result of the writing process is a grat-
ing formed due to a periodic distribution of
liquid crystal (LC) nano sized domains em-
bedded in a solid polymer matrix. The main
optical properties defined by this periodic
distribution can be manipulated easily using
an external electric field. General require-
ments for H-PDLC transmission gratings
are high diffraction efficiency, high angular
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selectivity, low driving voltages, and fast
switching. Many research groups are en-
gaged in optimization and improving of
those characteristics. Embedding of comb
electrodes into the film is one way to con-
trol the refractive index modulation and
diffraction efficiency for both light polari-
zation types: p-polarization and s-polariza-
tion. The analysis performed in this work is
based on direct calculation of the director
profile within the LC droplets. Below, the
model studied is presented.

To develop the model, some assumptions
are to be made on the LC/polymer grating
composite. The grating is assumed to con-
tain regions of high liquid-crystal droplet
concentration separated by solid polymer re-
gions. In this work, a transmission H-PDLC
grating with comb-shaped electrodes is con-
sidered. Fig. 1 presents the problem geome-
try. The semi-transparent surfaces are the
comb electrodes. The relative permittivity
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Fig. 1. Schematic representation of H-PDLC
grating. The comb electrodes ares shown as
semi-transparent surfaces at x=0 and x = D.

tensor is assumed to vary along the x axis
according to cosine law:

g =0+ glcos(Kx), (1)

where €0 is the average relative permittivity
tensor; K, the grating wave vector; &!, the
relative permittivity modulation tensor hav-
ing the form

(2)

! zf -
€)= Tcsm(om)(sﬁﬁ — Epops

where f,. is the volume fraction of separated
LC phase in a channel; ep,, the polymer
dielectric permittivity; o, the fraction of a
grating period A occupied by the PDLC
channel [1]. The droplet dielectric permit-
tivity elfc(afc Yfor light polarized parallel

(perpendicular) to the grating vector is a
function of n,, n; director configuration:

creo _ L[ 2Lc (3)
<elCs = VI eLl(r,E)dr,

where sij(E) = SJ_Sij + (SH -8 )ni(E)nj(E). The

LC director profile in each LC droplet is
inhomogeneous and controlled by the bal-
ance of elastic energy, cohesion energy at
the droplet surface, and the external elec-
tric field strength.

LC droplets form nanoscale domains in
H-PDLC. Detailed studies by scanning elec-
tron microscopy have revealed that these
domains can be roughly ellipsoidal but are
irregularly shaped often enough [2]. Suther-
land et al. [1] developed a droplet model
based on Kogelnik’s [3] coupled wave theory
for Bragg gratings and Wu [4] model of
droplet axis reorientation to explain the
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switching curves of H-PDLC gratings. In-
stead of treating the LC droplets as an inho-
mogeneous medium, they assume a uniform
droplet with refractive index dependent on
the angle between the LC symmetry axis
and the applied field.

We have simulated numerically the di-
rector distribution inside an ellipsoidal LC
droplet to find the relative dielectric per-
mittivity tensor of LC. The model used is
the simplest model of nematic LC, which
describes orientational interaction of mole-
cules is the Lebwohl-Lasher lattice model
[5], where the particles are treated as inter-
action sites ("spins”) with continuously
varying orientation but fixed positions in
the grating. That model has been described
in detail in our previous works [6]. There
are several other models that describe the
LC properties more realistically, but those
are much more complicated.

There are several theoretical approaches
to consideration of the diffraction from a
birefringent grating. Recently, Montemez-
zani and Zgonik [7] have modified the Ko-
gelnik coupled-wave theory to involve the
optical anisotropy effects in the bulk dif-
fraction gratings prepared using birefrin-
gent materials. We have used the results of
this theory to calculate the diffraction effi-
ciency for the transmission gratings. The
diffraction efficiency of an unslanted bulk
grating prepared using a birefringent opti-
cal material is determines as

_ sin?W2 4+ £2 (4)
14+ v2/E2

with coupling and detuning parameters de-
fined respectively as

5. kgAZd? (5)
16n,n48;8,5c080;cosby’
) AR2d2 (6)
=y

In these expressions, k&, is the incident
wave vector in vacuum; A,, a coupling con-
stant dependent on polarization; d, the sam-
ple thickness; n; and n,, the unperturbed
refractive indices for the incident and dif-
fracted wave, respectively. The walk-off pa-
rameters g; 5 are cosines of angles between
the energy propagation direction and wave
vector directions in the incident and dif-
fracted beams, and 6;, 6, are the angles
between the normal to the H-PDLC surface
and the Poynting vectors for incident and
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Fig. 2. Diffraction efficiency for Gaussian
distribution of the prolate LC droplets. Fig.
2a), 2c) show angular selectivity of diffrac-
tion efficiency at different electric field
strengths for dispersion o = 0.1, for p-polar-
ized reading beam and s-polarized reading
beam, respectively. Fig. 2b) shows the same but

for o = 0.3. Curves I — means critical electric
field E=1; 2 — means zero electric field £=0.5;
3 — means zero electric field E=0.

diffracted waves. Detailed expressions for
the parameters to calculate the diffraction

efficiency can be found in [7].
In a previous work, we have studied the

diffraction properties of H-PDLC films con-
taining ellipsoidal droplets under electric
field perpendicular to the sample surfaces
(z-axis). Here, we consider a similar film,
the difference being that the electric field is
applied by comb electrodes along vector grat-
ing (x-axis in Fig. 1), and the axes of rotation
symmetry in the droplets are statistically
skewed perpendicular to the grating vector.
The form of distribution function selected in
this work is the Gaussian one (7)
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__1 _u (7
p(u) - G@Eexp[ 262],

where u is the cosine of the angle between
vector perpendicular to the grating vector
(along y in laboratory system of coordi-
nates) and the droplet rotational symmetry

axis, o is the dispersion.

Let an H-PDLC cell be considered con-
taining bipolar liquid crystal droplets. The
shape of the droplets can vary from oblate
spheroid to prolate one. The LC director
profile in each LC droplet depends on the
balance of elastic energy associated with di-
rector inhomogeneity within the droplet,
the cohesion energy at the droplet surface,
the droplet size and shape, and the magni-
tude of the external electric field. We also
took into account that the electric field in-
side an ellipsoidal droplet depends strongly
on droplet shape. To find the electric field
inside the droplet, we have used the solu-
tion of a classical problem of electric field
determination inside a dielectric ellipsoid
placed in a uniform electric field [8]. We
calculated the droplet dielectric tensor in
"droplet” system of coordinates (axis y cor-
responds to the rotational symmetry one),
then we have returned to the laboratory sys-
tem of coordinates and calculate the average
tensor elements for the droplet, using
Gaussian distribution (7). After averaging
over the orientational distribution function,
we have obtained a diagonal tensor for rela-
tive dielectric permittivity. Then, making
use of the Montmezzani theory [7] described
above, we have obtained dependences of dif-
fraction efficiency on the angle of incidence
for different values of the applied field.

For numerical calculations, the following ma-
terial parameters have been selected: the polymer
dielectric permittivity ep,; = 2.34, the sfc = 2.82

dielectric permittivity of LC and !¢ = 2.6, the

grating period A =1 um, the film thickness
d = 8 um. All the parameters are important
variables in determining the performance of
H-PDLC materials. Diffraction properties
were studied for the probing light wave-
length 0.633 um. Sutherland [1] used the
same parameters to study theoretically the
transmission H-PDLC grating.

We have considered the behavior of the
film diffraction efficiency under applied
field in the case of increasing dispersion G.
The E value is measured in dimensionless
units. E =1 corresponds to applied electric
field value of about 25 V/um. Calculation of
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Fig. 3. The same as Fig. 2 for oblate droplet.

the diffraction efficiency has been calculated in
the case of prolate LC droplets for p-polarized
and s-polarized incident beams (see Fig. 2).

Similar results for oblate LC droplets are

shown in Fig. 3.
The diffraction efficiency of s-polarized

beam is defined by modulation of 81 component

of relative permittivity tensor which depends

on efC (Eq. 2). As to p-polarized beam, the

diffraction efficiency is defined by modulation
of a[f component of relative-permittivity ten-

sor which depends on slfc (Eq. 2). Components

of relative permittivity tensor £C and alfc are

different, this explains different behavior of
s-polarized and p-polarized beams.

Thus, the polarization and switching
properties of transmission H-PDLC gratings
have been studied theoretically. By applying
of electric field along grating vector, the
balance between diffraction efficiencies of
p-polarized and s-polarized reading beams
can be regulated. Increasing dispersion o
results in an increase of the diffraction ef-
ficiency. The external electric field of criti-
cal strength reorients the LC molecules in-
side the droplets along the field, so the dif-
ference between director orientations
disappears that, in turn, results in equal
diffraction efficiency values for films con-
taining prolate and oblate droplets. These
effects can be used to improve the electro-
optical properties of H-PDLC films.
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Hudpakniiiaa epekTuBHICTh rogorpadiunoi
MoJIiMep-TuCIepProBaHoOl PiTKOKPUCTAJNIYHOI ILJIiBKHI
3 TpeO0iHYACTMMH €eJIEKTPOJdaMu

B.Ry6uyvruii, B.Pemwemnax, T.I'ancman

ITo6ymoBano TeoperuuHy MOAeJb rosorpadiunoi mosiMep-gucIeproBanol pigKoKpucTa iu-
woi (I-IIIPK) naieku 3 rpebiHuacTuMu ejgeKTpomaMu. ¥ MOJENl IMOEAHYETHCS AHIBOTPOIIHA
Teopis 3B A3aHMX XBUJIb, KOMII’IOTEPHE MOJENIOBAHHS POSIOALIY AUPEKTOpa BCepeauHi
pizkokpucramiunoi Kpamai meromom MouTe-Kapso Ta crarucruune ycepesHeHHs 3 PyHKIIIEO
posmnoginy Biceil cumerpii Kpamenb. [JocaiisKeHO BIJIUB €JI€KTPUUYHOIO IIOJSA, IPUKJIALEHOIO
B3JOBYK BEKTOPA I'paTKu, Ha Audpakiliiiny epexrusBHicTb. OTpuMaHi pesyabTaTH BKA3YIOTh

OIIAX IOKPAIeHHS XapaKTePUCTUK I'PATKHU.
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