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a b s t r a c t 

An optical-mechanical model has been developed to describe the transmittance, polarization and small- 

angle distribution of light scattered by an uniaxially-stretched polymer film containing the elongated 

ellipsoidal droplets of nematic liquid crystal. It is based on the approximations of Foldy-Twersky, anoma- 

lous diffraction, and single scattering. The spectral dependences of transmittances and polarizing abilities 

of the polymer dispersed liquid crystal films have been analyzed as well as the small-angle intensity 

distribution and the polarization degree of scattered light depending on the film thicknesses, refractive 

index of polymer matrix, sizes of droplets, their anisometry parameters, concentration, polydispersity, 

and optical axes orientation. The optical characteristics of films with homogeneous and inhomogeneous 

interfacial anchoring at the surface of liquid crystal droplets have been considered. The transmittance 

and polarizing ability of the films have been studied as functions of the angular aperture of the system 

recording scattered light. 

© 2019 Elsevier Ltd. All rights reserved. 
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1. Introduction 

At present, polymer films with anisotropy of light absorption

are most widely used as the polarizers [1–3] . A dichroism in such

films is caused by the special additives into polymer matrix or by

the anisotropy of own absorption of polymer macromolecules. The

advantages of these materials are the compactness, low cost, and

simple production technology. However, these polymer films are

applicable in the laser and optical devices only at low power since

a light absorption can result in the strong heating and following

destruction of polymer matrix. 

Polymer dispersed liquid crystal (PDLC) films, consisting of non-

absorbing uniaxially-elongated liquid crystal (LC) droplets within

polymer matrix [4–10] , used as a polarizers, allow one to increase

significantly the limit power of the incident light in comparison

with dichroic polarizers. PDLC films can polarize a light with the

power density of incident light up to 2 kWt/cm 

2 [10] . They ef-

fectively polarize a light in the entire transparency region (visible

and near IR) of the components used, while the dichroic polarizers
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an do that only in the dichroic band of own or impurity absorp-

ion. Besides, PDLC films allow modulating the intensity, polariza-

ion and phase of light by applying the electric or magnetic field.

hey are particularly promising in the collimated laser devices and

rojection systems. 

Recently, a new approach has been realized to control the op-

ical response of PDLC film in the light-scattering mode, which is

ased on the surface anchoring transitions caused by ionic surfac-

ant [11] . Unidirectional mechanical stretching of PDLC film doped

ith the ionic surfactants allows obtaining the LC director configu-

ation (distribution of local optical axes) within the droplet volume

lose to homogeneous (monodomain) [12,13] . Thus, it gives an op-

ortunity to achieve simultaneously the limit polarization charac-

eristics for unpolarized incident light: the coherent transmission

oefficient equal to 0.5 and the polarization degree of forward-

ransmitted light equal to ±1 in the wide spectral range [14] . 

In this work we have studied the spectral dependences of the

oefficients of coherent (directed) transmission and the polariza-

ion degree of forward-transmitted light, the angular distribution

nd polarization of light scattered in small angles by the stretched

DLC films with homogeneous (without surfactants) and inhomo-

eneous (with surfactants) surface anchoring. It has been consid-

red the films consisting of ellipsoidal LC droplets with: (i) the

https://doi.org/10.1016/j.jqsrt.2019.03.006
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Fig. 1. Orientational structures within ellipsoidal nematic droplets: bipolar (a), ra- 

dial (b), and homogeneous monodomain (c). Director configurations are presented 

by dashed lines. Surface point defects (boojums) are indicated by black semicircles 

(a); bulk point defect (hedgehog) is shown by black circle (b). 

Fig. 2. Scheme of the PDLC layer structure under stretching along y axis of the 

laboratory coordinate system ( x, y, z ). The ( y, z ) plane coincides with the layer-front 

surface. The x axis is directed along the normal to PDLC layer; ϕ is the orientation 

angle of optical axis N j of an individual droplet; l and l y , l z are the thicknesses 

of stretched layer and its linear sizes along y, z axes; a, b, c are the semiaxes of 

elongated ellipsoidal droplets. The a semiaxes are oriented along x axis and b, c 

semiaxes are aligned in the ( y,z ) layer plane. The layer is normally illuminated by 

unpolarized light along x axis. 
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ipolar intrinsic structure formed under homogeneous tangential

nchoring; (ii) the radial structure formed under homogeneous

omeotropic (normal) anchoring; (iii) the monodomain structure

aised due to inhomogeneous surface anchoring [12,13] ( Fig. 1 ). 

The transmittance, the small-angle distribution of scattered

ight and the polarizing ability of the film containing the ellipsoidal

onodomain LC droplets have been analyzed as functions of angu-

ar aperture of the optical system. 

. Optical-mechanical model to describe the characteristics of 

cattered light. Basic equations 

Let us consider a PDLC layer of thickness l placed in the ( y,z )

lane of laboratory coordinate system ( xyz ), normally illuminated

long х axis by unpolarized monochromatic light ( Fig. 2 ). 

Initially, the undeformed polymer matrix contains the polydis-

erse spherical (or spheroidal) LC droplets with circular section.

heir optical axes are randomly oriented in ( y,z ) plane. The me-

hanical stretching of PDLC film along y axis results in the defor-

ation of spheroidal droplets into the ellipsoidal ones with the

,b,c semiaxes and partially-oriented structure of optical axes N j ,

 = 1,2,…, N , where N is a number of droplets in the layer. The major

emiaxes b of droplets and their optical axes N j are preferably ori-

nted along the stretching axis y , the c semiaxes are aligned within

 y,z ) layer plane, the a semiaxes are directed along the х normal.

he semiaxes of spherical droplets before stretching are designated

y a = b = c . For spheroidal droplets a < b = c . 
0 0 0 0 0 0 
.1. Coefficient of coherent (directed) transmission of the stretched 

DLC film and the polarization degree of forward-transmitted light 

Using the Foldy-Twersky approximation [14–19] , we can write

he expressions for the coherent (directed) transmission coefficient

 

c 
np and polarization degree P c of the forward-transmitted light (the

olarizing ability of layer for forward-transmitted light): 

 

c 
np = 

T c || + T c ⊥ 
2 

, (1) 

 c = 

T c ⊥ − T c || 
T c || + T c ⊥ 

, (2) 

 

c 
|| , ⊥ = exp (−γ2 , 1 l) , (3) 

2 , 1 = 

3 

4 

c v 

〈
a 2 

〉
〈 a 3 〉 

{
〈 Q e 〉 1 ± S 2 f 

2 

+ 〈 Q o 〉 1 ∓ S 2 f 

2 

}
, (4) 

a 2 
〉
= 

∫ ∞ 

0 

a 2 P (a ) da , (5) 

a 3 
〉
= 

∫ ∞ 

0 

a 3 P (a ) da , (6) 

 

Q e,o 〉 = 

4 

〈
Re S 0 2 , 1 

〉
k 2 ε y ε z 〈 a 2 〉 , (7) 

Re S 0 2 , 1 

〉
= 

∫ ∞ 

0 

Re S 2 , 1 ( θs = 0 , a, b = ε y a, c = ε z a ) P (a ) da, (8) 

 2 f = 

sin (2 ϕ m 

) 

2 ϕ m 

. (9) 

Here T || 
с and T ⊥ с are the coefficients of coherent transmission

or the components of incident light polarized parallel and orthog-

nal to the stretching axis; γ 2 and γ 1 are the corresponding ex-

inction coefficients of the layer; c v is the volume filling factor of

ayer (the ratio of volume of all LC droplets to the volume of PDLC

ayer); 〈 Q e 〉 and 〈 Q o 〉 are the extinction efficiency factors [20] for

he extraordinary and ordinary waves, averaged over the droplet

izes; S 2 f is the two-dimensional order parameter of PDLC layer;

 = 2 πn p / λ, λ is the wavelength of incident light, n p is the refrac-

ive index of polymer matrix; εy = b / a and εz = c / a are the parame-

ers of droplet’s anisometry; 〈 Re S 0 2,1 〉 are the averaged real parts

f the diagonal elements of amplitude scattering matrix for the

trictly forward direction of scattering [14] ; the angle brackets 〈 …〉
ean the average over the a semiaxis of droplets along the film

ormal; P ( a ) is the normalized probability density of a semiaxes

istribution along the film normal; ϕm 

is the maximal angle of

roplet optical axes deviation relatively to the stretching axis. At

m 

= 0 the optical axes of droplets are entirely oriented along the

tretching axis ( S 2 f = 1). At ϕm 

= π they are oriented randomly ( S 2 f 
 0). The partial orientation occurs at 0 < ϕm 

< π ( S 2 f < 1). 

The Eqs. (6) –(9) were obtained at the same anisometry param-

ters εy and εz ( εy = b / a = const, εz = c / a = const) for all droplets

ssuming the uniform distribution of the optical axes N j orienta-

ion in the ( y,z ) plane. 

At stretching, the layer thickness l and the semiaxes a, b, c of

roplets are related by the expressions [6,14] : 

 = l 0 p 
−B , a = a 0 p 

−B , b = c 0 p, c = c 0 p 
−A , (10)

here p is the stretching factor ( p = l y / l y 0 , l y 0 is the layer

ength along y -axis before stretching); l 0 is the layer thickness be-

ore stretching; constants A and B are determined by mechani-

al properties of the used polymer, A + B = 1 [6] . If initially the LC

roplets are spherical, then A = B = 0.5. For the initially spheroidal

roplets: A ≈ 0.4 and B ≈ 0.6. 
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Fig. 3. The spectral dependences of the coherent transmittance T c np (λ) (a, c) and polarization degree P c ( λ) of the forward-transmitted light (b, d) at the different stretching 

factor p of the PDLC films containing droplets with the bipolar (curves 1), radial (curves 2) and monodomain (curves 3) y -configuration of LC director. n p = n ⊥ = 1.533 at λ

= 0.62 μm. 
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2.2. Angular distribution of intensity and polarization degree of 

incoherently (diffusely) scattered light 

Let the layer is illuminated by unpolarized light. Then the in-

tensity I inc 
np and polarization degree P inc of incoherently (diffusely)

scattered light, the parallel I || 
inc and orthogonal I ⊥ inc to the stretch-

ing axis components of scattered light intensity are determined as

follows: 

I inc 
np = 

1 

2 

(
I inc 
|| + I inc 

⊥ 
)
, (11)

P inc = 

I inc 
⊥ − I inc 

|| 
I inc 
|| + I inc 

⊥ 
, (12)

I inc 
|| , ⊥ = 

(
I inc 
vv + I inc 

v h 

)∣∣
α=0 ,π/ 2 

. (13)

Here I inc 
vv and I inc 

v h are vv- and vh- components of the intensity

of scattered light with the parallel ( vv- component) and orthogonal

( vh- component) polarizations relatively to the polarization plane of

incident wave; α is the polarization angle (angle between the po-

larization plane of incident wave and the stretching axis y ) [21,22] .

Relation (13) is obtained by averaging I inc 
vv and I inc 

v h over the polar-

ization angle α with a uniform α-distribution ranging from 0 to

2 π [22] . 

If the filling factor c v of the layer is low ( c v < 0.2), then, us-

ing the single scattering approximation [23] for I inc 
vv and I inc 

v h com-
onents of light intensity (entering in Eq. (13) ), we obtain: 

 

inc 
vv , v h ( θs , ϕ s ) = C 

3 

4 

l 
〈
a 2 

〉
ε y ε z 〈 a 3 〉 

c v 

k 2 〈 σ 〉 
〈| f vv , v h ( θs , ϕ s ) | 2 

〉
a, N j 

, (14)

here θ s and ϕs are the polar and azimuthal scattering angles

22,24] ; C = | E 2 
i 
| A/ R 2 , E i is the amplitude of incident wave, A is

he area of the illuminated part of the layer; R is the distance

rom layer to the observation point; σ = πbc is the section of

roplet in the yz layer plane; f vv ( θ s , ϕs ) and f vh ( θ s , ϕs ) are vv - and

h - components of vector amplitude scattering function of the in-

ividual LC droplet [21,22,24] ; the angle brackets 〈 ... 〉 a, N j 
mean

veraging over the size a and orientation of optical axes N j of

roplets. 

Assuming independence of the distributions of droplets over

he size and orientation of their optical axes, we have: 

| f vv | 2 
〉
a, N j 

= 

〈| S 2 | 2 〉cos 4 (α−ϕ s −ϕ d ) + 

〈| S 1 | 2 〉sin 

4 (α − ϕ s − ϕ) 

+ 

1 

4 

〈 { S 1 S ∗2 + S 2 S 
∗
1 + ( S 3 + S 4 ) ( S 

∗
3 + S ∗4 ) } 〉 sin 

2 
2(α − ϕ s − ϕ) 

+ 

1 

8 

〈 { ( S 3 + S 4 ) S 
∗
2 + S 2 ( S 

∗
3 + S ∗4 ) } 〉 

[
2 sin 2(α − ϕ s − ϕ) 

+ sin 4(α − ϕ s − ϕ ) 
]

+ 

1 

8 

〈 { ( S 3 + S 4 ) S 
∗
1 + S 1 ( S 

∗
3 + S ∗4 ) } 〉 [

2 sin 2(α − ϕ s − ϕ) − sin 4(α − ϕ s − ϕ) 
]
, (15)
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Fig. 4. The spectral dependences of coherent transmittance T c np (a, c, e) and polarization degree P c (b, d, f) of the forward-transmitted light at the different sizes of lateral 

droplet semiaxis a for the polymer refractive index n p equaled to the ordinary refractive index n ⊥ of 5CB at λ = 0.62 (a, b); 0.5 (c, d) and 0.45 μm (e, f). Monodisperse 

droplets with the monodomain LC structure and oriented optical axes (the film order parameter S 2 f = 1). The stretching ratio of film is p = 2, the droplet lateral semiaxis is 

a = 0.7 μm, the film thickness is l = 32 μm, the volume filling factor of PDLC film is c v = 0.143, the anisometry parameters of LC droplets are εy = 2.83, εz = 1.0. 

〈

w  
| f v h | 2 
〉
a, N j 

= 

〈| S 3 | 2 〉sin 

4 (α − ϕ s − ϕ d ) + 

〈| S 4 | 2 〉cos 4 (α − ϕ s − ϕ) 

+ 

1 

4 

〈 { ( S 2 − S 1 ) ( S 
∗
2 − S ∗1 ) − S 4 S 

∗
3 − S 3 S 

∗
4 } 〉 sin 

2 
2(α − ϕ s − ϕ) 

−1 

8 

〈 { ( S 2 − S 1 ) S 
∗
4 + S 4 ( S 

∗
2 − S ∗1 ) } 〉 

[
2 sin 2(α − ϕ s − ϕ) 
m

+ sin 4(α − ϕ s − ϕ) 
]

+ 

1 

8 

〈 { ( S 2 − S 1 ) S 
∗
3 + S 3 ( S 

∗
2 − S ∗1 ) } 〉 [

2 sin 2(α − ϕ s − ϕ) − sin 4(α − ϕ s − ϕ) 
]
, (16) 

here S j = S j ( θ s , ϕs ) are the elements of the amplitude scattering

atrix of the individual LC droplet ( j = 1,2,3,4) [22,24–26] . 



134 V.A. Loiko, A.V. Konkolovich and A.A. Miskevich et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 229 (2019) 130–144 

Fig. 5. The spectral dependences of coherent transmittance T c np (a, c, e) and polarization degree P c (b, d, f) of the forward-transmitted light at the different sizes of lateral 

droplet semiaxis a for the polymer refractive index n p equaled to the extraordinary refractive index n || of 5CB at λ = 0.62 (a, b); 0.5 (c, d) and 0.45 μm (e, f). Monodisperse 

droplets with the monodomain LC structure and oriented optical axes. S 2 f = 1, p = 2, a = 0.7 μm, l = 32 μm, c v = 0.143, εy = 2.83, εz = 1.0. 

 

 

s

 

s  
For uniform distribution of droplet axes orientation over the an-

gle ϕ, we can write: 

cos 4 (α − ϕ s − ϕ d ) = 

3 

8 

+ 

1 

2 

cos ( 2(α − ϕ s ) ) sinc( 2 ϕ m 

) 

+ 

1 

8 

cos ( 4(α − ϕ s ) ) sinc (4 ϕ m 

) , (17)
in 

4 (α − ϕ s − ϕ d ) = 

3 

8 

− 1 

2 

cos ( 2(α − ϕ s ) ) sinc( 2 ϕ m 

) 

+ 

1 

8 

cos ( 4(α − ϕ s ) ) sinc (4 ϕ m 

) , (18)

in 

2 
( 2(α − ϕ s − ϕ d ) ) = 

1 

2 

( 1 − cos ( 4(α − ϕ s ) ) sinc(4 ϕ m 

) ) , (19)
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Fig. 6. The dependences of coherent transmittance T c np of PDLC film (a, c) and polarization degree P c (b, d) of the forward-transmitted light on the wavelength λ of incident 

unpolarized light for the polymer refractive indices n p equaled to the ordinary n ⊥ (a, b) and extraordinary n || (c, d) refractive indices of 5CB at λ = 0.62, 0.5 and 0.45 μm. 

Monodisperse droplets with the monodomain LC structure and oriented optical axes (the film order parameter S 2 f = 1). The stretching ratio of film is p = 2, the droplet 

lateral semiaxis is a = 0.7 μm, the film thickness is l = 32 μm, the volume filling factor of PDLC film is c v = 0.143, the anisometry parameters of LC droplets are εy = b / a = 2.83, 

εz = c / a = 1.0 (where b is the droplet semiaxis along the stretching direction, a is the droplet semiaxis along the normal to the film, с is the lateral semiaxis in the film plane). 
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θ  
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o  

l  
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m  
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T  

P

in 2(α − ϕ s − ϕ d ) = sin ( 2(α − ϕ s ) ) sinc(2 ϕ m 

) , (20) 

in ( 4(α − ϕ s − ϕ d ) ) = sin ( 4(α − ϕ s ) ) sinc(4 ϕ m 

) , (21) 

here ϕm 

is the maximal deviation angle of the droplet axes from

he stretching axis, sinc( x ) = sin( x )/ x . 

.3. Transmittance and polarization ability as functions of the 

ngular aperture of the optical system 

To analyze the transmittance and polarizing ability of the PDLC

ayer taking into account the field of view θ fov (FOV) angle, it is

ecessary to integrate the intensity of scattered light over the polar

s and azimuthal ϕs scattering angles from 0 to θ fov /2 and from 0

o 2 π , respectively. 

Under normal illumination by unpolarized light, the coefficient

f incoherent (diffuse) transmission T inc 
np ( θ f ov ) and the integral po-

arizing ability P inc ( θ fov ) of layer for the incoherently scattered light

an be determined by: 

 

inc 
np ( θ f ov ) = 

1 

(
T inc 
|| ( θ f ov ) + T inc 

⊥ ( θ f ov ) 
)
, (22)
2 
 inc ( θ f ov ) = 

T inc 
⊥ ( θ f ov ) − T inc 

|| ( θ f ov ) 

T inc 
|| ( θ f ov ) + T inc 

⊥ ( θ f ov ) 
, (23) 

 

inc 
|| , ⊥ ( θ f ov ) 

= 

1 

C np 

∫ 2 π

0 

d ϕ s 

∫ θ f ov / 2 

0 

(
I inc 
vv ( θs , ϕ s ) + I inc 

v h ( θs , ϕ s ) 
)∣∣

α=0 ,π/ 2 
sin θs d θs , 

(24)

 np = 

∫ 2 π

0 

d ϕ s 

∫ π

0 

{(
I inc 
vv ( θs , ϕ s ) + I inc 

v h ( θs , ϕ s ) 
)∣∣

α=0 
+ 

(
I inc 
vv ( θs , ϕ s ) 

+ I inc 
v h ( θs , ϕ s ) 

)| α= π/ 2 

}
sin θs d θs , (25) 

here T || 
inc ( θ fov ) and T ⊥ inc ( θ fov ) are the parallel and orthogonal

omponents of the incoherent transmittance of the layer. 

Taking into account the coherent component, the total trans-

ittance T np of the layer and the polarization degree P fov are fol-

ows: 

 np ( θ f ov ) = T c np + T inc 
np ( θ f ov ) = T || ( θ f ov ) + T ⊥ ( θ f ov ) , (26)

 f ov ( θ f ov ) = 

T ⊥ ( θ f ov ) − T || ( θ f ov ) 

T || ( θ f ov ) + T ⊥ ( θ f ov ) 
, (27) 
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Fig. 7. The dependences of coherent transmittance T c np of PDLC film (a, c) and polarization degree P c (b, d) of the forward-transmitted light on the wavelength λ of incident 

unpolarized light for the polymer refractive indices n p equaled to the ordinary n ⊥ (a, b) and extraordinary n || (c, d) refractive indices of different LC (5CB, E7, E44) at 

λ = 0.62 μm (a, b) and λ = 0.45 μm (c, d). Monodisperse droplets with the monodomain LC structure and oriented optical axes ( S 2 f = 1). p = 2, a = 0.7 μm, l = 32 μm, 

c v = 0.143, εy = 2.83, εz = 1.0. 
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n  

w  

L

3

p

P
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o  

f  

a  

c  

e  

(  
T || , ⊥ ( θ f ov ) = 

1 

2 

(
T c || , ⊥ + T inc 

|| , ⊥ ( θ f ov ) 
)
. (28)

The normalizing factor C np is determined as: 

 np = C 
3 

4 

c v l 
〈
a 2 

〉
ε y ε z 〈 a 3 〉 

(〈
Q || 

〉
+ 〈 Q ⊥ 〉 

)
, (29)

〈
Q || , ⊥ 

〉
= 

(
〈 Q e 〉 1 ± S 2 f 

2 

+ 〈 Q e 〉 1 ∓ S 2 f 

2 

)
, (30)

〈
Q || 

〉
+ 〈 Q ⊥ 〉 ≡ 〈 Q e 〉 + 〈 Q o 〉 , (31)

where 〈 Q || 〉 and 〈 Q ⊥ 〉 are the average values of extinction efficiency

factor of LC droplets for the incident light polarizations parallel and

orthogonal to the stretching axis; 〈 Q e 〉 and 〈 Q o 〉 are determined by

Eq. (7) . 

3. Simulation results 

Here the results of numerical simulation of the polarization de-

gree and the transmittance are presented. They have been obtained

by the formulas from the previous section. 

The relaxation method of minimizing the free energy volume

density was applied to simulate the LC director configuration (a

distribution of local optical axes) inside droplets. The anomalous
iffraction approximation was used to determine the elements of

he amplitude scattering matrix S j ( θ s , ϕs ) ( j = 1,2,3,4) [14,19,22,26–

8] . The calculations were carried out for the monodisperse LC

roplets in a polymer film (matrix). 

The dependences of the ordinary n ⊥ and extraordinary n || re-

ractive indices of LC on the wavelength λ of incident light were

escribed by Cauchy formulas: 

 ⊥ , ‖ = A ⊥ , ‖ + 

B ⊥ , ‖ 
λ2 

+ 

C ⊥ , ‖ 
λ4 

, (32)

here A ⊥ ,||, B ⊥ ,||, С ⊥ ,|| are the coefficients determined by the kind of

C used [29] . 

.1. Spectral dependences of the coherent transmittance and the 

olarization degree of the forward-transmitted light for the stretched 

DLC film 

Fig. 3 illustrates the simulation data of spectral dependences of

he coherent transmittance T c np (λ) and the polarizing ability P c ( λ)

f PDLC film for the forward-transmitted light at two stretching

actors of the film ( p = 1.16, 1.41). PDLC films with bipolar, radial

nd monodomain y -configurations of LC inside the droplets are

onsidered. The refractive index n p of polymer matrix was chosen

qualed to the ordinary refractive index n ⊥ of LC at λ= 0.62 μm

 n p = n ⊥ = 1.533); the extraordinary refractive index is n || = 1.708;
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Fig. 8. The spectral dependences of coherent transmittance T c np of PDLC film (a, c, e) illuminated by unpolarized incident light and the polarization degree P c (b, d, f) of 

the forward-transmitted light in condition of equality of the polymer refractive index n p and the ordinary refractive index n ⊥ of 5CB at λ = 0.62, 0.5 and 0.45 μm. The LC 

structure inside the droplets is monodomain. The stretching ratio of film is p = 2. The average size of droplet lateral semiaxis a is 〈 a 〉 = 0.7 μm. The anisometry parameters 

of droplets are ε y = 2.83, and ε z = 1.0. The order parameters of film are S 2 f = 1 and 0.95. Gamma-distribution of droplet sizes. The variation coefficients are D a / 〈 a 〉 = 0 and 

0.4. 
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o  

t  
he layer thickness before stretching was l 0 = 45 μm. The calcula-

ions were carried out for the monodisperse droplets totally ori-

nted in the stretching direction: the variation coefficient [22] of

roplet semiaxes a is D a / 〈 a 〉 = 0; the order parameter of film is

 2 f = 1. The rest parameters are shown in the legends of figures.

he selected sizes of droplets semiaxis a = 0.93, 0.84, 0.71 μm cor-
espond to the values at which the T c np and P c are close to the

imiting ones: T c np (λ) → 0 . 5 , P c (λ) → ±1 . 0 , in the wide wavelength

ange. 

The stretching of PDLC films containing the droplets with mon-

domain and bipolar configurations allows one to polarize effec-

ively the light in the wavelength range from 0.55 to 0.8 μm
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Fig. 9. The dependences of parallel (to the stretching axis) I || 
inc ( θ s ) (a, c, e) and orthogonal I ⊥ inc ( θ s ) (b, d, f) components of scattered light intensity on the polar scattering 

angle θ s at different azimuthal scattering angles ϕs . PDLC film was double-stretched ( p = 2) at homogeneous (1, 2) and inhomogeneous (3) surface anchoring. n p = n ⊥ = 1.533 

at λ = 0.62 μm. 

 

 

 

 

 

 

 

 

T  

t

 

g  

f

 

f  

t  

i  
(polarization degree P c > 0.99 and transmittance T c np > 0 . 47 ). As cal-

culations show, varying the refractive index of polymer n p (up-

ward at the condition n p = n ⊥ ( λ) or n p = n || ( λ)) and the a droplet

size, it is possible to shift into the range of smaller wavelength

λ < 0.55 μm with T np 
c ( λ) ≈ 0.5 and P c ( λ) ≈ ±1.0. 

The high polarization degree of forward-transmitted light

( P c > 0.97) in the spectral range from 0.45 to 0.7 μm ( Fig. 3 (b,d))

can be achieved in the PDLC films containing LC droplets with

the monodomain and bipolar configurations at n p = n ⊥ . The
 

c 
np transmittances of films with bipolar configuration are smaller

han that of films with the monodomain internal structure. 

The films with the radial droplet structure and the homo-

eneous surface anchoring do not allow effectively polarize the

orward-transmitted light. 

Note, the positive and negative values of P с mean that the

orward-transmitted light is polarized orthogonally and parallel to

he direction of film stretching, respectively. A polarization sign

s determined by which component (polarized orthogonally or
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Fig. 10. The dependences of intensity I inc 
np ( θs ) (a, c, e) and polarization degree P inc ( θ s ) (b, d, f) of scattered light on the polar scattering angle θ s at different values of 

azimuthal scattering angle ϕs . PDLC film was double-stretched ( p = 2) at homogeneous (1, 2) and inhomogeneous (3) surface anchoring. n p = n ⊥ = 1.533 at λ = 0.62 μm. 
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o  
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t  
arallel to the stretching axis) is less scattered. For the mon-

domain LC structure the orthogonal component of transmittance

s not scattered at wavelength λ, if n p = n ⊥ ( λ). At that, if the paral-

el component is strongly scattered, the polarization degree of the

orward-transmitted light P с → + 1 (forward-transmitted light is lin-

arly polarized orthogonally to the stretching axis). For n p = n || ( λ)

he parallel component is not scattered. And P с → –1 (forward-

ransmitted light is linearly polarized parallel to the stretching

xis) if the orthogonal component is strongly scattered. 
.2. Monodomain structure 

It is convenient to consider the transmittance and polarization

y varying the a -values in the conditions of: (i) the equality of the

efractive index n p of polymer to the ordinary refractive index n ⊥ 
f LC at the selected wavelength λ ( n p = n ⊥ ( λ)) or (ii) the equality

f n p to the extraordinary refractive index n || of LC ( n p = n || ( λ)). 

Figs. 4 and 5 show the calculation data for 5CB liquid crys-

al in the red, green and blue spectral ranges ( λ = 0.62, 0.5 and
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Fig. 11. Angular distribution of the parallel I || 
inc ( θ s ) (a) and orthogonal I ⊥ inc ( θ s ) (b) (to the stretching axis) intensity components, the intensity I inc 

np ( θs ) (c), and the polarization 

degree P inc ( θ s ) (d) of scattered light for the refractive index n p of polymer matrix equaled to the ordinary refractive index n ⊥ of 5CB at λ = 0.62, 0.5, 0.45 μm. The stretching 

ratio of film is p = 2. The structure within LC droplets is monodomain. a = 0.7 μm. 

Fig. 12. Dependences of the polarization degree P inc of scattered light on the az- 

imuthal scattering angle ϕs in the condition of the equality of the refractive index 

n p of polymer matrix and ordinary refractive index n ⊥ of 5CB at λ = 0.62, 0.5, 

0.45 μm. The stretching ratio of film is p = 2. The structure within LC droplets is 

monodomain. a = 0.7 μm. 

Fig. 13. Distribution of the I inc 
vv -component of incoherently scattered light. 

0  

m  

s  

t  
.45 μm). As can see, if n p = n ⊥ ( λ) or n p = n || ( λ), the maxi-

um T c np ≈ 0 . 5 is realized at these λ for all considered sizes of a

emiaxis ( Fig. 4 (a,c,e) and Fig. 5 (a,c,e)). The values of the refrac-

ive index n p of polymer and a semiaxis determine the wavelength
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Fig. 14. Distribution of the I inc 
v h -component of incoherently scattered light. 

Fig. 15. Distribution of the I inc 
np intensity of incoherently scattered light. 

Fig. 16. Distribution of the | P inc | for incoherently scattered light. 
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ange where the transmittance T c np of the film and polarization de-

ree P c of light reach simultaneously the values close to the lim-

ting ones (0.5 and ±1.0), respectively. For a = 0.7 μm the polar-

zation degree of forward-transmitted light has the values close

o the maximal one ( P c ≈±1) in the wide enough spectral range

 Fig. 4 (b,d,f) and Fig. 5 (b,d,f)). For the film with the parameters

 = 32 μm, с v = 0.143, ε y = 2.83, ε z = 1.0 containing the monodis-

erse oriented droplets, the value a = 0.7 μm allows realizing the

pectral characteristics close to the limiting ones. 

Fig. 6 illustrates the T c np (λ) and P c ( λ) dependences for the film

ith 5CB LC droplets at n p = n ⊥ ,|| ( λ = 0.62, 0.5, 0.45 μm). As

an see, an effective polarization of visible light in the wavelength

ange from blue to red with significant coherent transmission coef-

cient can be achieved by changing the refractive index n p of poly-

er from n p = n ⊥ to n p = n || . 

The T c np (λ) and P c ( λ) dependences for PDLC films based on the

ifferent liquid crystals (5CB, E7, E44) are shown in Fig. 7 . An in-

reasing of the optical anisotropy of LC allows widening the wave-

ength range in which the polarizing ability of the film will be

 ≈±1.0 ( Fig. 7 (b), 7(d)). 

The results shown in Figs. 6 and 7 imply that the mechani-

ally stretched PDLC films in which the droplet-polymer interface

s modified by surfactants can be used as: (i) the wide-band po-

arizers of forward-transmitted light with the high transmittance

 T c np ≈ 0 . 5 ) and the polarizing ability ( P c ( λ) ≈±1) in the wavelength

ange 0.6 μm <λ< 0.7 μm; (ii) the polarizers with the transmit-

ance T c np ≈ 0 . 5 and the polarization degree P c ≈–1.0 at λ≈0.5 μm

 Fig. 7 (c), 7(d)), the polarizers at λ≈0.45 μm and at others wave-

engths of visible light. The values P c = 1 and P c = –1 in the Figs.

-7 mean that the forward-transmitted light is linearly polarized

rthogonally and parallel to the film stretching direction, respec-

ively. As was mentioned above, this is determined by which of

he transmittance components is not scattered. 

The near to limiting values T c np ≈ 0 . 5 and P c ≈1.0 (or P c ≈–1) de-

end on a droplet polydispersity as well as orientation of their

ptical axes under film stretching ( Fig. 8 ). Increasing the droplet

olydispersity (described by the variation coefficient D a / 〈 a 〉 ) and

ecreasing the order parameter S 2 f of film result in reduce of

ts coherent transmittance T c np ( Fig. 8 (a, c, e)) and change of the

pectral dependence of the polarization degree P c of forward-

ransmitted light ( Fig. 8 (b, d, f)). 

The numerical analysis showed that the narrowing of spectral

ange in which the film transmittance is close to the limiting val-

es ( T c np ≈ 0 . 5 ) is most sensitive to a variation of film order param-

ter S 2 f (i.e. to the difference of S 2 f values from 1 corresponding

o a perfect orientation of droplet optical axes under mechanical

tretching). The polarization degree P c of the forward-transmitted

ight is most sensitive to a polydispersity of LC droplets. 

.3. Small-angle distribution of the intensity and polarization degree 

f the scattered light. Droplets with homogeneous and 

nhomogeneous surface anchoring 

Figs. 9 and 10 illustrate the dependences of the I || 
inc -, I ⊥ inc -

omponents of scattered light, and the polarization degree P inc of

cattered light on the polar θ s and azimuthal ϕs scattering an-

les. The simulation was carried out at double stretching of PDLC

lms ( p = 2) with the homogeneous surface anchoring for the bipo-

ar and radial LC configurations inside the droplets and with the

nhomogeneous anchoring for the monodomain structure. The re-

ractive index of polymer n p = n ⊥ = 1.533 at λ = 0.62 μm. Other

arameters of the simulations are indicated in the legends of fig-

res. 

As can see in Figs. 9 (a, b) and 9 (e, f), at ϕs = 0 º, 90 º a high

nisotropy of light scattering is observed for both the bipolar and

onodomain droplet structures: the ratios I || 
inc ( θ s )/ I ⊥ inc ( θ s ) ≈10 3 
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Fig. 17. The dependences of the transmittance for parallel (a) and orthogonal (b) components of scattered light, the transmittance for unpolarized incident light (c), and 

the polarizing degree (d) on the field of view angle θ fov . The structure within LC droplets is monodomain. The stretching ratio of the film is p = 2. n p = n ⊥ = 1.532. The 

wavelength of incident light λ = 0.633 μm. a = 0.7 μm. 
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for bipolar structure and I || 
inc ( θ s )/ I ⊥ inc ( θ s ) ≈10 12 for monodomain

configuration. At ϕs = 45 º ( Fig. 9 (c, d)), I || 
inc ( θ s )/ I ⊥ inc ( θ s ) ≈10 −4 

both for the bipolar and monodomain droplet structures. For the

PDLC films containing the droplets with radial structure, the ra-

tios I || 
inc ( θ s )/ I ⊥ inc ( θ s ) ≈1/2 at ϕs = 0 º; 90 º and I || 

inc ( θ s )/ I ⊥ inc ( θ s ) ≈2 at

ϕs = 45 º. 
The intensity I inc 

np ( θs , ϕ s ) ( Fig. 10 ( а , c, e)) and the polariza-

tion degree P inc of incoherently scattered light ( Fig. 10 (b, d, f))

practically coincide with I inc 
np ( θs , ϕ s ) and P inc , respectively, for the

double-stretched PDLC films with bipolar and monodomain struc-

tures. 

The polarization degree P inc of incoherently scattered light does

not practically depend on the polar scattering angle θ s ( Fig. 10

(b, d, f)) for bipolar and monodomain structures. It is caused

by the equality n p = n ⊥ when one of the components (parallel,

I || 
inc ( θ s ), or orthogonal, I ⊥ inc ( θ s )) exceeds significantly another one

(by 4–12 orders and more, Fig. 9 ). At I || 
inc ( θ s )/ I ⊥ inc ( θ s ) → ∞ , the

value P inc ( θ s ) → –1. At I || 
inc ( θ s )/ I ⊥ inc ( θ s ) → 0, the value P inc ( θ s ) → + 1.

Fig. 10 (b, d, f) shows the polarization degree P inc = –1 at ϕs = 0 º,
90 º and P inc = + 1 for ϕs = 45 º – for bipolar and monodomain struc-

tures. It should be emphasized that the polarization degree P inc ( θ s )

of diffusely scattered light for stretched PDLC film containing ra-

dial droplets ( Fig. 10 (b, f)) can reach the limiting values ( ±1) at

the azimuthal ϕs = 0 º; 90 º and polar θ s ≈6 º; 12 º; 15 º etc. scattering

angles. 
.4. Small-angle distribution of the intensity and polarization degree 

f the scattered light. Droplets with monodomain structure: refractive 

ndex of polymer is equal to the ordinary refractive index of liquid 

rystal 

Figs. 11 and 12 display the parallel I || 
inc and orthogonal I ⊥ inc (to

he stretching axis) components of scattered light intensity, the in-

ensity I inc 
np of scattered light for unpolarized incident light and the

olarization degree P inc of incoherently scattered light. The calcula-

ions were performed for a double-stretched PDLC film with mon-

domain droplet structure forming under modification of surface

nchoring for initially (before stretching) spherical droplets with

ipolar and radial configurations. The refractive index n p of poly-

er matrix is equal to the ordinary refractive index n ⊥ of 5CB at

= 0.62, 0.5, 0.45 μm. The following parameters were used in the

imulation: the film thickness is l = 32 μm; the stretching ratio is

 = 2 (the film thickness before stretching was l 0 = 45 μm); the

olume filling factor of film is c v = 0.143; the anisometry parame-

ers of droplets are ε y = 2.83, ε z = 1.0 ( p = 2); the droplet semiaxis

 = 0.7 μm. 

Fig. 11 shows that a high asymmetry of scattered light reveals

or all considered wavelengths. The ratio I || 
inc ( θ s )/ I ⊥ inc ( θ s ) > 10 12 at

s = 0 º ( Fig. 11 (a, b)). 

It is worth noting, that at the considered conditions ( n p = n ⊥ ),
he polarization degree P inc is the same at different wavelengths
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[  
nd does not depend on the polar scattering angle θ s . At that P inc 

epends on the azimuthal angle ( Fig. 11 (d), Fig. 12 ). 

Figs. 13–16 demonstrate the angular distributions of inten-

ity components and the polarization degree of incoherently scat-

ered light for the stretched PDLC film containing monodisperse

roplets with monodomain director configuration and with totally

riented structure of their N j optical axes. The dependences of

 

inc 
vv , v h ( θs , ϕ s ) , I inc 

np ( θs , ϕ s ) and P inc ( θ s , ϕs ) were calculated for LC 5CB

ccording to the formulas of Section 2.2 at the following parame-

ers: θ fov = 16 º, p = 2, l = 32 μm, c v = 0.143, a = 1.4 μm, εy = 2.83,

z = 1.0, A = B = 0.5, С = 1. The horizontal and vertical axes show

he values of y = sin θ s cos ϕs and z = sin θ s sin ϕs within −8 º≤θ s ≤8 º,
 º≤ϕs ≤360 º. 

.5. Dependence of the transmittance and polarizing ability of the 

lm with the monodomain droplet structure on the field of view 

The dependences of the T inc || , ⊥ , T ||, ⊥ , T inc 
np , T np transmittances and

olarizing abilities P inc 
f ov , P fov of PDLC film on the field of view θ fov 

angular aperture of the optical system recording the intensity of

ight scattered by the film) are shown in Fig. 17 . 

The simulations were carried out for the film containing a

onodisperse oriented LC droplets with monodomain internal

tructure. The film parameters are indicated in the legends. At

uch parameters, the forward-transmitted light is entirely polar-

zed ( P fov = 1 at θ fov = 0), and the coherent transmittance of film

s T c np = 0 . 5 . 

The obtained data show that almost all incoherently scat-

ered light is recorded at θ fov = 60 º; the total transmittance

s T np ( θ fov = 60 º) ≈1. The incoherent transmission coefficient for

npolarized incident light is T inc 
np ≈ 0 . 5 Fig. 17 ( с )). The forward-

ransmitted light or light transmitted in forward hemisphere, i.e.

 

c + T inc (see Eqs. (26) –( (28) ) is partially polarized with the polar-

zation degree P fov ≈0.4 ( Fig. 17 (d)). The polarization degree of dif-

usely scattered light is about – 0.22 that corresponds to the more

tronger scattering of parallel intensity component as compared

ith the orthogonal one. 

The polarization degree of transmitted light has the values ex-

eeding 0.95 ( Fig. 17 (d)) at θ fov < 3. Under such conditions the

tretched PDLC film with monodomain and bipolar droplet director

onfiguration effectively polarizes light and has the transmittance

0.5. 

. Conclusion 

A high polarization degree (more than 0.97) can be achieved

or the forward-transmitted light in the wide wavelength range

from 0.45 to 0.7 μm) both for PDLC films with monodomain and

ipolar LC droplet structures and for films with inhomogeneous

urface anchoring of “tangential-normal” type. A coherent trans-

ittance of the films with bipolar droplet configuration and inho-

ogeneous “tangential-normal” anchoring is smaller than that of 

he films with monodomain internal structure. The films with ho-

ogeneous surface anchoring and radial LC droplet structure do

ot allow polarizing effectively the forward-transmitted light. 

The angular distributions of intensity of light scattered by the

DLC films with bipolar and monodomain internal droplet struc-

ures at the stretching ratio equaled to 2 are practically coin-

ided. At that, the polarization degrees are the same at the differ-

nt wavelengths and do not depend on the polar scattering angle

hen the refractive index of polymer matrix is equal to the ordi-

ary refractive index of LC. 

The stretched PDLC films with monodomain and bipolar droplet

tructures polarize effectively light for the small FOVs ( < 3 °). The
olarization degree can exceed 0.95 at the transmittance close

o 0.5. 

The developed optical-mechanical model to analyze the coher-

nt transmittance, angular and spectral characteristics of light scat-

ered by the stretched PDLC film allows solving the inverse prob-

em: to determine the structural parameters of the film (the fill-

ng factor and thickness, sizes and anisometry parameters of the

roplets, refractive indices of the polymer matrix and LC) at which

ts transmittance and polarizing ability simultaneously reach the

alues close to the limit ones (0.5 and 1.0, respectively). 

The obtained results can be used to develop the polarizers

f transmitted light based on the stretched PDLC films with the

urfactant-induced modification of surface anchoring, operating in

he light-scattering mode and possessing by a high transmittance

nd polarizing ability. 
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