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Abstract— Potential abilities of active optical elements based on
liquid crystals are investigated. We consider liquid crystal cells in which
a desired distribution of the liquid crystal director is achieved by a non-
uniform electric field and by inhomogeneous boundary conditions. The
optical elements built on principles of diffractive optics are discussed.

Effective and compact active optical elements having
tunable characteristics such as lenses with variable focus
distance, beam steerers, and dynamic diffractive gratings
are highly required for integration in numerous
optoelectronic devices and photonic applications. Liquid
crystals (LCs), that possess the ability to be controlled
with an external electric field are especially attractive for
tunable optical elements. Because of birefringence, the
optical path of an LC layer depends on orientations of the
LC molecules (director). By generating a spatially non-
uniform electric field inside the LC, it is possible to form
a distribution of the LC director that causes a distribution
of the optical path. A light wave traveling through such an
LC layer changes the wavefront. By this means the shape
of the wavefront, as well as the direction of the
propagation, can be controlled with an electric field
applied to the LC cell.

In the present letter, we consider the basic principles of
the LC optical elements and evaluate their potential
functional abilities.

Fig. 1 shows lays rays passing the beam steering device
(a) and collecting lens (b). Both optical elements adapted
for transmissive mode. These optical elements differ in
profiles of the phase delays formed by them. When the
phase delay of an LC cell has a linear dependence versus
the space coordinate (Fig.1 a), such an LC cell, from the
optical point of view, is equivalent to a prism. The
parabolic profile of the phase delay of the LC cell (Fig. 1
b) causes the lens effect.

The optical path of the LC cell along the X axis can be
found according to the following expression

n,n,dl
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Here L is the trajectory of the light beam, n,, n, are the
principal refractive indexes, and @ is the angle between
the wave vector and the optical axis (director).
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Fig. 1. LC optical elements and their optical paths (dn.;) vs. the space
coordinate X: a) beam steering device; b) lens.

In order to obtain a beam steering device (Fig.1 a), the
optical path has to be varied along the spatial coordinate x
as:

P(x) =D, +ax, 2)

where @, and « are the coefficients.

The steering angle in this case is defined as tan”a.
Evidently, the steering angle reaches its maximal value
when the effective refractive index varies between n, and
n.. Performing simple mathematical transformations, it is

possible to derive the maximal value of o that is %,

where 4n is birefringence of the LC, d is the cell gap, and
D is the diameter of the light beam.
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Let us evaluate the range of maximal steering angle and
focal distance of transmissive optical elements shown in
Fig. 1. If we assume that An can be more than 0.5 [1,2]
and the ratio d/D is around 0.1, then the steering angle can
be controlled within the range +3°; for d/D=1, the range
of the steering angle control can be expanded up to +27°.

The optical path of a lens should satisfy the expression:
O(x)=D, + B’ ?3)

Here g is a coefficient. Assuming that @,=n,d and
@D(R)=n.d, where R is the lens radius, we derive:

-2 4)

From the information presented above follows that the
efficiency of LC element increases with increasing the
retardation And and with decreasing the diameter D (or
R). However, the retardation cannot be as large as it is
required for many prisms and lenses, because of the
restriction on the cell gap value. When d is large, e.g.
more than 100um, the alignment layers do not have
sufficient influence on the LC director distribution. In
addition to difficulties associated with formation of a
desired director distribution, the value of the cell gap d
affects the switching times. Durations of reaction and
relaxation are proportional to d” [3].

In order to increase the steering angle and obtain a beam
steering device operating with light beams of large
diameters, it is necessary to build up optical elements
based on the principles of diffractive optics [4]. In this
case the needed effect is achieved due to a structure
having a broken phase profile (Fig. 2).

Such an approach enables one to use optical elements

with the cell gap slightly more than Ai’ where A is the
n

wavelength. For 4n being around 0.3 and A=1.55um the
cell gap d has to be around Spm.

The range of the steering angles, as well as the range of
the focal distance variation of an LC lens, depends on the
minimal period that can be achieved in the diffractive
element. The maximal steering angle for normal incident

light is defined as 9=tan™ % , where A is the wavelength,

A is the grating period. Applying the principle of
Huygens-Fresnel [5], it is possible to evaluate the
minimal distance between two peaks Ax:

Ax~R—R*-2Jf , (5)

where f is the focal distance.

http://www.photonics.pl/PLP

Y
RN/

Fig.2. Diffractive optical elements have broken phase profiles. a) beam
steering device b) lens.

On the other hand, Ax, as well as A, cannot be less than
the fly-back zone [6-8], i.e. the minimal transition region
in which the LC director changes its orientation.
Therefore, the functional abilities of the LC diffractive
optical elements are restricted by the fly-back zone.

The authors of the majority of papers dealing with the fly-
back zone consider this phenomenon as a result of the
fringing-field effect [6-8]. However, the calculation
carried out by us recently [9] for an LC controlled with
uniform electric field in an LC cell that has
inhomogeneous anchoring energy gave us the same order
of the fly-back zone as for non-uniform electric fields [6-
8]. This fact enables one to claim that the fly-back zone is
determined by the elastic properties of the LC material
rather than by the fringing-field effect.

The diffraction efficiency of a real diffractive grating can
be estimated by the following relationship [7]:

n=n,(1—AX/A) . Q)

Here 7, is the diffraction efficiency of the ideal
diffractive grating, and AX is the value of the fly-back
zone. AX is the same order as the cell gap d.

The ranges of the variations of the steering angle and the
variable focal distance can be extended up to two times, if
we utilize the reflective mode (Fig. 3) of the LC elements.
In this case, the light passes double distance in the LC
layer.
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Fig. 3. Reflective LC lens.

Let us evaluate the range of the steering angles and
focusing distances that can be achieved with a reflective
LC element for the wavelength 1.55um. Let us assume
that the birefringence An can reach 0.5 [1, 2], the fly-back
zone is around d, and the minimal period is in two times
larger than the fly-back zone. Under these assumptions,
according to the expression for the maximal steering
angle we have d=1.55um and the steering angle can be
varied within the range +8.5°. Substituting in Eq. 5
Ax=2d, we obtain: 1/f=t 5 diopter for R=Icm, and 1/f=
+ 507 diopter for R=100um.

The precision to form an electric field distribution
depends on the number of electrodes involved, which, in
turn, is defined by the size of electrodes and gaps between
them. On the other hand, a large number of electrodes
involved in forming a period of the phase profile are
associated with a large scale of integration and
complexity of the driving scheme. In addition, the
patterned structure of the electrodes causes undesired
diffraction effects.

The difficulties related to the patterned electrodes
structure can be overcome by exploiting the approaches
based on inhomogeneous boundary conditions, i.e.
inhomogeneous anchoring [9-11] or pretilt angle [12]. In
this case, the threshold voltage and, as a result, the
director distribution are functions of the spatial
coordinate, along which the anchoring energy or the
pretilt angle are varied. By adjusting the boundary
conditions, it is possible to achieve the needed
distribution of the LC director.

LC optical elements with inhomogeneous anchoring
energy do not affect the light propagation when the
voltage is off. The value of the driving voltage is around
the threshold voltage of the LC with strong anchoring and
saturation voltage of the LC with weak anchoring [9, 10].
Quite opposite, LC optical elements based on
inhomogeneous pretilt angle change the light waveform
when the voltage is off, and have no effect on light
propagation under strong voltage applied.
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The advantages of the approaches based on
inhomogeneous boundary conditions are the following: 1)
the LC element can have only two single electrodes, 2) it
is possible to achieve a relatively high resolution in an LC
diffractive optical element. In fact, the period of the
diffraction grating can be around several micrometers. 3)
The driving voltage of the approach based on
inhomogeneous anchoring is less than the voltages
usually used for LC devices. On the other hand, multi-
electrode structures enable one to generate different
intricate distributions of the LC director.
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