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Abstract—The coefficient of directed transmittance of a stretched polymer-dispersed liquid crystal film with
a defect-free single-domain liquid crystal droplet structure formed by a stretched surfactant-doped film and
the polarization degree of forward-transmitted light in the visible and near-infrared spectrum ranges are stud-
ied. Results are presented for the SCB, E7, and E44 nematic liquid crystals. Dependences of the transmission
coefficient and polarizing ability of the film on the photodetector field of view are studied. Relationships
allowing one to determine film parameters at which the transmission coefficient and polarizing ability of the
films simultaneously reach values close to limit ones (0.5 and 1.0, respectively) are obtained in the Foldy—

Twersky and anomalous diffraction approximations.
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INTRODUCTION

Using polymer-dispersed liquid crystal (PDLC)
films for polarization of light allows one to signifi-
cantly increase the limit of the power of the incident
light flux [1]. They make it possible to polarize radia-
tion with an incident flux power density up to
2 kW/cm? [2, 3] and higher, when usual film polarizers
(polariods) [4] with absorption anisotropy break due
to heating. PDLC films consisting of elongated ori-
ented liquid crystal (LC) droplets in a polymeric
matrix [1—3, 5—10] possess light scattering anisotropy
and effectively polarize the radiation in the whole
transparency region of the used components (visible
and near-IR regions), whereas polariods do it only in
the dichroic band of the intrinsic or extrinsic absorp-
tion. For such films, there appears an additional pos-
sibility for control and modulation of the optical
response by the action of an electric or magnetic field.
They are especially promising for applications in laser
and projection devices.

Recently, a new method of control for the optical
response of PDLC films in the light scattering mode
was implemented. The method is based on the local
Fréedericksz effect [ 11—14]. The essence of this effect

331

is that the structure of the director field in droplets of
a nematic LC changes due to the inhomogeneous
interfacial anchoring at the droplet—polymer inter-
face. The anchoring inhomogeneity is created by using
surface active agents (surfactants). This way of control
for the internal structure of droplets allows one to form
in them an almost homogeneous (single-domain) ori-
entation of local optical axes in the process of mechan-
ical stretching of the film. This leads to a significant
increase in the light polarization efficiency [15—17] as
compared to ways based on homogeneous interfacial
surface anchoring.

The optomechanical model for describing the
coefficient of coherent (directed) transmission and
polarizing ability of a PDLC film with elongated drop-
lets of a liquid crystal was developed in [17]. It is based
on the Foldy—Twersky and anomalous diffraction
approximations. The model describes the optical
response of a stretched film depending on the film
thickness, refractive index of the polymer, size and
anisometry parameters of LC droplets, their concen-
tration, internal structure, polydispersity, and orienta-
tion of the optical axes. However, the model considers
only the directional transmittance of the film and the
polarization degree of forward-transmitted light.
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The model developed in this work takes into
account not only the forward-transmitted but also the
scattered radiation. It generalizes results described in
[17]. The model allows one to analyze (i) the angular
distribution of light scattered into the forward hemi-
sphere and (ii) the transmission and polarizing ability
of elongated PDLC films with allowance for the field-
of-view of the detector.

The numerical analysis is carried out for spectral
dependences of the coherent transmission coefficient
and polarizing ability of a stretched nonabsorbing
PDLC film with a single-domain structure of droplets
with ion-surfactant modification of the interfacial sur-
face anchoring in the visible and near-infrared spec-
trum ranges. The effect of the refractive index of the
polymer matrix on spectral dependences of transmis-
sion and polarizing ability of a PDLC film containing
droplets of SCB, E7, and E44 nematic liquid crys-
tals, as well as the effect of the field of view on trans-
mission and polarizing ability, are studied.

MAIN RELATIONSHIPS

Coherent Transmittance and Polarizing Ability
of a Stretched Film

The schematic image of the PDLC layer structure
under stretching along the y axis is presented in Fig. 1.
A plane-parallel PDLC layer under unidirectional
mechanical stretching along the y axis is illuminated
along the normal (along the x axis) by a nonpolarized
radiation. The yz plane coincides with the front sur-
face of the layer; N; is the optical axis (director) of the
jth droplet; ¢ is the angle of the droplet optical axis
orientation relative to the y axis; a, b, and ¢ are the
semiaxes of elongated ellipsoidal droplets; / is the
thickness of the stretched layer; and /, and /, are its lin-
ear dimensions along the y and z axes of the laboratory
coordinate system xyz.

Let us define coherent (directed) transmittance 7,
and polarizing ability P, of the layer as follows:

T°+T°

=1l = : -, (1)
TC _ C

p=—=_1 2)
7-"‘C+TLC

where 7| and 7,° are the layer transmittances deter-
mined in the parallel polarizer and analyzer positioned
along stretching axis y and orthogonally to it, respec-
tively.

Using the Foldy—Twersky approximation [17, 18],
we write
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Fig. 1. Schematic image of the PDLC layer structure under
stretching along the y axis. xyz is the laboratory coordinate
system; the yz plane coincides with the front surface of the
layer; @ is the orientation angle of the optical axis Nj of an
individual droplet; / and /.

s l, are the thickness of the

stretched layer and its linear dimensions along the y and
z axes, respectively; and a, b, and ¢ are semiaxes of elon-
gated ellipsoidal droplets. The layer is illuminated along

the normal (along the x axis) by nonpolarized radiation.

Y= tt <ReS sin” @ + Re S! cos (p> , (5

/'
where ¥, and v, are the extinction indices of layer for

the y- and z-polarizations of incident light, k =
2nn,/A; n, is the refractive index of the polymer

matrix, A is the wavelength of incident light, N, is the

number of LC droplets in a unit volume, and Sg o, are
elements of the amplitude scattering matrix of an indi-
vidual droplet [18—20] at a zero scattering angle for an
extraordinary (subscript ¢) and ordinary (subscript o)
waves with polarizations along and transversely to the
optical axis N;. At the same internal structure of drop-
lets, the angular brackets in expressions (4) and (5)
mean averaging over the droplet sizes a, b, and ¢ and
orientation of their optical axes.

Let us assume that the layer before the stretching
consists of polydispersed spheroidal (or spherical)
droplets with semiaxes @, and ¢,. Semiaxes a, are ori-
ented along the x axis, and semiaxes c,, parallel to the
yz plane. For spheroids, a, < ¢, (for spheres, a, = ¢).
We assume that the anisometry parameters (ratios of
the axes) are the same for all droplets in the initial state
of the layer and changed identically during the stretch-
ing. Then, using the anomalous diffraction approxi-
mation for elements of the amplitude scattering

matrix Sg , and the mean value theorem [19, 21], we
write expressions for extinction indices v, ;:

Tj = exp(=1y,), (3)
4 : 1+ S2 52 ;
Y = k—TZENV <Re Sg cos’ ¢+ Re Sf sin’ (p>a’b,c’Nj , D 1= 4a,, {Q (ay) + 0,(a ef) (6)
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1+8
{Q( ae)—2L + Oy (a) — Zf} )
4aef
0. (ar) = 2Re j (I-Ty(an)ds, (8
o=nbc
NV 2cos’ o-1 9
a = <a3>/<az>. (10)

Here, angular brackets {...) mean averaging over size a
of droplet semiaxes; ¢, is the volume filling factor of
layer (the ratio of the volume of all droplets to the vol-
ume of the layer in which they are distributed); a; is
the effective value of the semiaxis length a; Q. .(acp)
are the extinction efficiency factors of an individual
droplet for extraordinary and ordinary waves; 7T, | are
diagonal elements of the Jones matrix of an equivalent
amplitude—phase screen; and Sy, is the two-dimen-
sional (2D) order parameter of the PDLC layer. The
over-bar in expression (9) means averaging over the
angle ¢ (Fig. 1) of the orientation of the droplet optical
axes N;.

Under stretching of the film, its thickness /, droplet
sizes a, b, and ¢, and anisometry parameters €, = b/a
and €, = c/a vary as follows [22]:

I=1lp", (11)
_B -A
a=ap , b=cp, c=¢qp’, (12)
1+B B-A
g, =bla=(c/ay) , € =cla=(c/a) ", (13)

wherep =1,/ ly0 is the stretching factor equal to the ratio

of lengths /, and lg of the considered part of the layer
in the deformed (p # 1) and initial (p = 1) states and
power indices 4 and B depend on mechanical proper-
ties of the polymer matrix (4 + B=1).

For elongated ellipsoidal droplets with the single-
domain internal LC configuration, one can write ana-
Iytical relationships [23] describing extinction effi-
ciency factors Q. , as functions of size (effective size of
semiaxis a) a.:

Qe,o(aef) = 4 Re Ke,o(aef)a
where K is the Hulst function [19],

—A
Ke o(aef) = l + —eXp( e,o(aef))
, 2 iAe,o(aef)
n eXp(_iAe,o(aef)) -1
. 2
(ZAe,o(aef))

A, o) = 2kay [’”—l - lj.
n,

In the analysis of transmission and polarization, we
assumed that the refractive index of the polymer in the

(14)

(15)

(16)
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Table 1. Values of coefficients 4 |, B| , and C , for 5CB,
E7, and E44 LCs [24]

5CB 1.6708 | 0.0081 | 0.0024 | 1.5139 | 0.0052 | 0.0008
E7 1.6933 | 0.0078 | 0.0028 | 1.4990 | 0.0072 | 0.0003
E44 1.7282 | 0.0121 | 0.0027 | 1.5006 | 0.0091 | 0.0001

considered wavelength range depends on the wave-
length much weaker than the refractive indices of the
liquid crystal and treated it as constant. We took into
account the dependence of LC refractive indices ny
and n, on wavelength A using the Cauchy formula:

B,

C
A=A+l
A

e (17)
Values of coefficients 4 |, B ;, and Cj , for the nem-
atic LCs studied in this work are presented in Table 1.

Intensity and Polarization Degree
of Incoherently Scattered Light

in
np >

P,

mncs

Intensity /¢, polarization degree and parallel
inc

I”'“C and orthogonal 7, (to the stretching direction)
intensity component of incoherently (diffusely) scat-
tered radiation under illumination by nonpolarized
radiation are determined as follows:

mc — _(I”mc +IJ1_nc)’ (18)
Iinc _ Iinc
inc = ilc ”mc (19)
I+ 1
IHI,nf — (Imc + Imc) (20)

a=0,1/2

Here, /" and I)° are the vv- and v/-components of
the intensity of radiation scattered by a film illumi-
nated by a linearly polarized wave (vv is the polariza-
tion component parallel to the polarization plane of
the incident wave, and v/ is the polarization compo-
nent orthogonal to the polarization plane of the inci-
dent wave) and o is the polarization angle (the angle
between the polarization plane of the incident wave
and stretching axis y).

Iffilling factor ¢, of the layer is small (¢, <0.2), one
can use the single scattering approximation [19].
Within the framework of this approximation,

I!ixlj,cvh (es 9 (ps)

—c3 l<a2> C_v<|f © (p)|2>
4£ysz<a3>k2<0> ST [N,

(21
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where 6, and @, are the polar and azimuthal scattering
angles, C = ‘Eiz‘ A/Rz, E; is the amplitude of the inci-
dent wave, A is the area of the illuminated part of the
layer, R is the distance from the layer to the observa-
tion point, ¢ = mbc is the cross section of droplets in
layer plane yz, f,,(0,, @) and f,,(0,, ®,) are the vv- and
vh-components of the vector amplitude scattering

function of an individual LC droplet (they are deter-

mined in the parallel and crossed polarizer and ana-
lyzer, respectively), and the angular brackets (...) .

N
mean averaging over the size a and orientation of
droplet optical axes N; determined in the parallel and

crossed polarizer and analyzer, respectively.

Incoherent Transmission and Polarizing Ability As
a Function of the Field of View

Using angular distribution of the scattered light
intensity (21), let us write formulas describing the

dependence of incoherent transmittance 7; n'; ‘(0,) and
polarizing ability P, (64,) of the PDLC film on field
of view 0Oy,

T (O,) = %(Tni“(efw) FT™0)), (22)
Tinc e o) — Tinc e o
Poe0,) = - o) =71 Oro) 23)
T\'\ (efov) + TJ_ (efov)
) 1 2n
Yﬁijn_c(efov) = C,_ I d(ps
efov/z A A np O (24)
x [ UFO.0)+ IO, sin6ae.
J ,

Here, 7, (8,) and T,"(6y,) are the parallel and
orthogonal components of the incoherent transmit-
tance of the layer (the polarizer and analyzer are par-
allel and positioned along (oo = 0) and orthogonally
(o= 1/2) to the y axis of the laboratory coordinate
system, respectively),

3¢l <a2>

Cop = C;m((%) +(01)), (25)
0= E2 @) ) eo
@)+ () =(0.)+(0,), 27)

where (Q)) and (Q, ) are the mean extinction efficiency
factors of LC droplets for incident light polarizations
parallel and orthogonal to the stretching axis and (Q,)
and (Q,) are determined by formula (8).

To determine transmittance 7},,(6,,) of the layer
and light polarization degree Py, it is necessary to take
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into account the coherent 7,” and incoherent
T (Og,) components. The transmittance and polar-
ization degree are determined as follows:

T (B0 = Ty + Ty Bros) = Tj (B0, + T (B,,), (28)

TJ_ (efov) - 7|1| (efov)

[)OV(e OV) = b
O T Bry) + T (Bry)

(29)

T (By) = %(TH,Z + T (0,)). (30)

CALCULATION RESULTS
This section presents results of the analysis of the

spectral dependences of transmittance 7, and polar-
izing ability P of a PDLC film for stretching factor p =
2.0 corresponding to the formation of single-domain
structures of droplets after ion-surfactant modifica-
tion of the interfacial surface anchoring.

Analysis of the relationships written above shows
that main parameters determining the limit polariza-
tion characteristics of a PDLC film (transmittance

T."” = 0.5 and polarization degree P, = *1) are (i) the
refractive index of the polymer matrix 7, which must
be equal to the ordinary refractive index of the liquid
crystal n, (or the extraordinary one #)) in the sample
and (ii) the transverse (to the film stretching direction)
size of LC droplets a which, together with the condi-
tion n, = n, (or n, = n)) determines the possibility of

simultaneous reaching the limit values for 7, and P,.

Figure 2 illustrates dependences 7,"(A) and P,(\)
for the SCB LC at @ = 0.7 um, when n, = n (L) or
n, = m(A) at wavelengths A = 0.62, 0.5, and 0.45 um.
It is seen that the change in polymer refractive index n,,
from n, = n, to n, = nallows one to reach high trans-
mission and effective polarization of light in a wide
spectrum range. The chosen value of the transverse
semiaxis of droplets (a = 0.7 um) is optimal for reach-

ing the values of 7, and P close to limit ones (7, =
0.5 and P = £1.0) for the film the parameters of which
were presented in [17].

Figure 3 presents dependences 7, " (A) and P,(A) for
a PDLC film based on different LCs: 5CB, E7, and
E44. It is seen that an increase in the LC optical
anisotropy, which is higher for the E44 L.C than for E7
and 5CB, allows one to increase the range of wave-
lengths with the limit polarizing ability of the film for
directed light P, = =1.0 (Figs. 3b, 3d).

Note that positive values of P mean that the for-
ward-transmitted light is linearly polarized orthogo-
nally to the direction of film stretching; negative values
of P mean that the light is polarized parallel to the
stretching direction. The polarization sign is deter-

No.3 2020
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Fig. 2. Spectral dependences (a, c) TCnp (A) and (b, d) P.(A). Refractive index of the polymer n,= (a,b) n; and (c, d) nj at wave-
lengths A = 0.62, 0.5, and 0.45 um. 5CB LC. p = 2. Monodispersed oriented droplets (S5y= 1) with a single-domain structure.

5CBLC,/=32pum, ¢, =0.143,a =0.7 um, &, = 2.83, and &, = L.0.

mined by the component (orthogonal or parallel to the
stretching axis) that passes the film without scattering.

Figures 4 and 5 present calculation results for angu-
lar distributions of the normalized intensity of scat-
tered light,

1™ (0,,0,) = Lo (0, 0,)/ 11 (0, = 0,0, = 0), (31)

and polarizing ability P,,.(6,, @,) of the film at stretch-
ing factor p = 2.

They were obtained for films with monodispersed
oriented droplets in which the semiaxis a = 0.7 um.
The refractive index of the polymer n, =
n, (A =0.62 um) = 1.533. The extraordinary refractive
index of the LC nu(k = 0.62 um) = 1.708. Anisometry
parameters €, = 2.83 and ¢, = 1 (b = 1.981 um, ¢ =

0.7 um).

It is seen from Figs. 4 and 5 that 7;,°""(,, ¢,) and
P (B, ©,) are periodic functions of azimuthal scatter-
ing angle @,. Polarizing ability of the film P, (0, ©,)
does not depend on polar scattering angle 6,. Such a
character of dependence P;,.(6,) = const is determined

OPTICS AND SPECTROSCOPY  Vol. 128 No. 3

by the condition n, = n; and chosen droplet size a. The
light polarized orthogonally to the stretching axis is
not scattered; the light polarized along the stretching
axis undergoes weak scattering. At values ¢, = nm/4
(n=20, 1,2, .., 8), the polarizing ability reaches limit
values P;,, = *1 for any values of the polar scattering
angle 0, from the considered range of scattering angles
—8°<B,<8°. P,.(0)=+1ato,=0°,90°, 180°, 270°,
and 360°. P, .(6,) = —1 at ¢, = 45°, 135°, 225°, and
315°.

Limit values P,,.(6,) = £1 can be implemented in a
rather wide wavelength interval including the visible
and near-infrared spectrum ranges. Figure 6 presents
inc

transmittances 7;"°, 7, ;, 7,;", and T, and polari-

zations P, and Py, as functions of field-of-view 0.

The results were obtained for a stretched film con-
taining monodispersed oriented LC droplets with a
single-domain internal structure. The film parameters
are shown in the legends. They determine conditions
under which the forward-transmitted light is com-

2020
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Fig. 3. Spectral dependences (a, ¢) 7.'° (A) and (b, d) P.(M). Refractive index of the polymer n,=(a,b) n; and (c, d) nj at wave-
lengths A = (a, b) 0.62, and (c, d) 0.45 um. 5CB, E7, and E44 LCs. p = 2. Monodispersed oriented droplets (8= 1) with a single-

domain structure. /=32 um, ¢, =0.143, a =0.7 um, g, = 2.83,and g, = 1.0.

Fig. 4. Normalized scattered light intensity /" (85, ).
Monodispersed oriented droplets (S2f= 1) with a single-
domain structure. Stretching factor p = 2. 5CB LC. a =
0.7um, g, = 2.83,andeg, = 1.0.A= B=0.5.

0.7 um, &, =2.83,and e, = 1.0.4= B=0.5.
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Fig. 5. Polarizing ability P;,.(8;, @) of the PDLC film.
Monodispersed oriented droplets (S, = 1) with a single-
domain structure. Stretching factor p = 2. 5CB LC. a =

2020
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Fig. 6. Transmittance coefficients for the (a) parallel and (b) orthogonal components of scattered light, (c) transmittance coeffi-
cients for nonpolarized incident light, and (d) polarization degree as functions of field-of-view angle 6y,,. Monodispersed LC

droplets with the single-domain structure. Stretching factor p = 2. n, =n; = 1.532. A =0.633 um.

pletely polarized (P, = 1 at 0;, = 0) and coherent
transmittance of the film 7," = 0.5.

It is seen from the presented data that almost all
diffusely scattered light is recorded at field of view
O, = 60°: total transmittance 7;,,(0g, = 60°) = 1. The
incoherent transmittance for nonpolarized incident

light 7,0 = 0.5 (Fig. 6¢). The forward-transmitted
light is partially polarized with polarization degree
P, = 0.4 (Fig. 6d). The polarization degree of dif-
fusely scattered light is negative and equal to approxi-
mately —0.22, which corresponds to a stronger scatter-
ing of the parallel component of the diffusely scattered
light intensity as compared to the orthogonal com-
ponent.

CONCLUSIONS

The method expounded in this work permits one to
calculate optimum parameters of polaroids for spe-
cific practical conditions of their application, when it
is necessary to take into account not only the coherent
No. 3
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part of the transmitted radiation but also the part scat-
tered incoherently.

Results of the numerical analysis of spectral depen-
dences of the coherent transmittance and polarizing
ability of a stretched nonabsorbing PDLC film with a
single-domain droplet structure forming under ion-
surfactant modification [15, 25] of the interfacial sur-
face anchoring are presented. The spectra of coherent
transmittance and polarizing ability of polymer—LC
films based on the 5CB, E7, and E44 nematics are cal-
culated. The results can be applied in developing
polarizers operating in the light-scattering nonabsorb-
ing mode. They possess high light-resistance,
mechanical strength, transmittance, and polarizing
ability.

Using PDLC films based on scattering of radiation
allows one to significantly increase the power of the
polarized incident light flux as compared to usual
dichroic film Polaroids based on absorption of the
incident radiation. In addition, the optical response of
PDLC films can be changed by action of an electric
field and, thus, the electrically controlled modulation
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of the polarization degree and light transmission can
be provided.
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