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This paper presents results obtained during the process of designing and experimental
investigation for operation features of miniature integrated optical switchable nematic liquid
crystal structures that implements optical switching, branching, and multiplexing functions
of linearly polarized light beams in the visible spectral region. Such types of switchable
nematic liquid crystal structures look promising for the development and manufacturing of
light beam control integrated-optical devices with low operating voltages.
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1. Introduction

In the last decades the development of
photonic elements and devices based on liquid
crystals (LC) has been the most dynamically
progressing trend in optical engineering. The
application of LC elements is demonstrated
in acoustics, integrated and adaptive optics,
dynamic holography, infrared and laser
techniques, in the field of telecommunications
and optoelectronic neural sets [1–3]. Liquid
crystals are widely applied in data recording,
display, processing, and storage devices. Besides,
LC media are used as functional materials
in the process of designing tunable optical
elements to control the characteristics of light
beams: phase plates, diffraction elements,
attenuators, etc. [4, 5]. The fact that liquid
crystals hold much promise is associated with
their unique properties as compared with the
traditional optical materials. Most important
is the possibility for smooth and local control
of light scattering, refraction, reflection or
absorption by means of electric, light, magnetic,
and thermal effects. Designing of advanced
optical LC switches attracts much attention
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because they feature low energy consumption,
absence of moving components, long service life
and inexpensive production. Widely known and
extensively used are LC commutators, where
light passes through the free space between
optical elements and LC cells perpendicular to
the substrate surfaces [6]. Of particular interest
are planar LC switches with a dual -domain
director orientation – the operation principle
of these switches is based on the effect of total
internal reflection (TIR) of a linearly polarized
light wave from the refractive interface [7, 8].
Of high interest are waveguide nematic liquid
crystal (NLC) structures providing the spatial-
polarization control of optical signals in the
visible and near-IR spectral regions [9–11]. Due
to LC materials embedding in the core region
(or in the cladding region) of a waveguide, one
can realize modulation and switching of light
beams based on electro-optical and/or nonlinear-
optical effects [9]. The relevant studies in the
field of optical LC commutators are associated
with: i) the problems of optimal selection of
LC materials; ii) the enhancement of the LC
surface alignment techniques; iii) designing
new geometries of switchable LC structures;
iv) improvement of manufacturing methods
for LC elements used in the functionally
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enriched optical devices, and v) searching for
the simplified process of their integration in
optical systems. This paper presents the results
obtained during the development and studies of
the spatially-structured nematic LC elements
with the electrically controlled geometry of
the director orientation, which implement
the optical switching, branching, multiplexing
functions of linearly polarized light beams in
the visible spectral region. The structure of this
paper is as follows: Section 1 is a description
of the procedures used to form interfaces of
the orthogonal director orientations in NLC
molecules in adjacent regions of the electrically
controlled LC elements; Section 2 presents the
results for the light beam control in dual-domain
LC elements with mutually orthogonal director
orientations; Section 3 is devoted to switchable
waveguide nematic LC structures providing the
controlled operations of light beam transmission,
branching, and multiplexing; in conclusion
Section 4 summarizes the obtained results and
presents their possible applications.

2. Electrically controlled NLC
switches with refractive interface

At the present time numerous methods
of LC alignment are well-known: substrate
rubbing with cloth, paper or brush; rubbing over
polymer films; deposition of surfactants; oblique
deposition of an alignment layer; variation in the
properties of the deposited alignment films under
illumination [12–14]. Most powerful methods are
the mechanical rubbing and photoalighnment.

Mechanical rubbing is a simple, inexpensive,
and highly effective method since the treated
surface area is as large as several square
meters. However, it is not free from some
disadvantages worsening the alignment quality:
difficulties in attaining the optical homogeneity
due to contamination and destruction of the
surface in the process of rubbing; induction
of local electrostatic charges. An alternative
contacless method of light-induced orientation or

photoalignment is not associated with the surface
contamination or damaging, no electrostatic
charges are induced. The photoalignment method
has several advantages: possibilities to form
LC structures with the local azimuthal director
orientation; control over the energy of LC
molecules anchoring to the alignment layer;
possibility for orientation of LC molecules on
relief surfaces.

In the process of work the spatially-
structured LC elements were manufactured using
two methods for alignment of LC materials:
mechanical rubbing over polymer film [15] and
two-stage photoalignment [16]. The formation
method of spatially structured LC cells based on
mechanical rubbing of alignment films included
a number of the major fabrication steps
schematically shown in Fig. 1.

To the surface of the upper glass plate a
transparent conducting layer of indium-tin oxide
(ITO) was deposited, on the surface of the lower
plate an opaque conducting layer of chromium
was formed.

Then the opaque electrode was partially
etched from the plate in accordance with the
specified configuration [17]. Thin alignment films
(100 nm thick) were deposited on the surface
of carefully cleaned substrates by rod coating
method [18].

The alignment layer was a photosensitive
M-series polymer with benzaldehyde groups in
side-chain that was synthesized at the Physical
Optics and Applied Informatics Department of
BSU [19]. To remove solvent traces from the
surface of alignment films, the substrates were
annealed at t=90◦С for the period τ = 5 min. The
operation of mechanical rubbing of the alignment
films was realized by means of an automated
rubbing machine. The orientation ordering of
segments of the M-series photopolymer main
chains induced by mechanical rubbing of its
surface is increased as the layer is irradiated
by nonpolarized UV radiation due to anisotropic
contraction of the macromolecules formed as a
result of phototransformations of benzaldehyde
groups by cross-linking. Photopolymer films were
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FIG. 1. Scheme of the fabrication process of planar-aligned LC cell with a patterned electrode based on mechanical
rubbing alignment technique: (a) top substrate, (b) bottom substrate. (in color)

FIG. 2. Scheme of the fabrication process of planar-aligned dual-domain LC cell based on photoalignment
technique. (in color)

irradiated by UV light at the wavelength λ =
310 nm and at the intensity I = 4 mW/cm2

during τ = 10 min. A thickness of the LC layer
in elements was specified by spacers and came to
d = 20 µm. Plane-parallel cells were filled with the
typical nematic LC mixture ZhK-1289 (no = 1.53,
ne=1.69, λ = 632.8 nm) in the isotropic phase at
t ≈ 75◦ − 85◦.

Fig. 2 shows a scheme of the LC cell
fabrication process based on photoalignment
technique. The photoalignment material was the

AtA-2 azo dye synthesized in the Institute of
the Chemistry of New Materials, NASB (Minsk,
Belarus) [20]. Under the effect of polarized
radiation at the wavelength λ =450 nm, in
a thin layer of AtA-2 the surface molecular-
orientation anisotropy of the dye is formed due
to the cis-trans-isomerization. By selection of
the photoalignment layer sensitive in the visible
spectral range one can align the dye molecules
in the already assembled cells, thus excluding
the stage of exposure through the quartz
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amplitude mask for each individual substrate [16].
Because of this, the manufacturing technology
of LC elements is simplified considerably and
their commercial price is reduced. Among the
advantages of the AtA-2 azo dye determining its
selection as an alignment layer is the possibility
to reorient the dye molecules. Just reversibility
of the azo-dye alignment mechanism formed
the basis for realization of planar mutually-
orthogonal geometries of the LC director in the
adjacent regions.

An alignment layer of AtA-2 (having a
thickness of 25–30 nm) from a 2%-solution in
N,N-dimethylformamide was deposited by rod
coating to glass plates covered with a transparent
conducting layer of ITO. Solvent traces were
removed by heating of the samples at t=140 ◦C
during the period τ = 5 min. After sandwich-type
cell assembling the sample was subjected to the
two-stage exposure: first it was homogeneously
illuminated by polarized radiation with the
intensity I = 20 mW/cm2 during the period
τ = 20 s; then the polarizer axis was rotated
by 90◦ to effect the repeated exposure procedure
through the amplitude mask during the period
τ = 60 s. Molecular orientation of the azo
dye at the cell sites covered with the mask was
invariable, as distinct from the adjacent regions,
where the molecules were realigned in accordance
with a new direction of the polarization vector
oscillations, that ensured the spatially-structured
director orientation.

The initial LC alignment quality in the
manufactured samples is evaluated by the
expression [21]

q =
Tmax − Tmin

Tmax + Tmin
(1)

where Tmax is a transmittance coefficient of
the LC cell in parallel polarizers; Tmin is a
transmittance coefficient of the LC cell in crossed
polarizers.

The quality of the LC initial alignment in
cells manufactured by mechanical rubbing over
the M-series polymer film and by means of two-
domain planar photoalignment of the АtА-2 azo

dye was q = 0.998.

3. Dual-domain electrically-
controlled NLC switches with mutually
orthogonal director orientations

In the majority of the publications devoted
to planar LC commutators the authors mainly
analyze planar and homeotropic orientations of
the director in adjacent regions of the element.
The operation principle of such commutators
is based on total internal reflection from the
refractive interface of the wave whose electric-
field vector E oscillations take place along
the OX-direction ( ~E||OX, vertically polarized
wave, Fig. 3) [7]. Though recently a group
of researchers has developed planar two-domain
LC elements offering polarization separation of
the beams [8], the fabrication process of these
LC elements could not afford a low level of
crosstalk. A light beam could not reach the
output facet of the element, being significantly
scattered by inhomogeneities of LC caused the
low alignment quality of experimental samples.
It may be inferred that the director orientation
variants described in the scientific publications
are associated with LC elements enabling only
separation of the orthogonally polarized light
beams. Until the present time the possibility
of switching the propagation directions of the
polarized waves separated at the interface has not
been considered.

3.1. Electrically controlled LC cells with
planar and homeotropic director orientations
in the adjacent areas

The operation principle of the LC switches
described in this paper is based on the effect
of total internal reflection of polarized radiation
from the dynamic interface between two NLC
regions with different director orientations. To
realize total internal reflection of the vertically
polarized light wave from the refractive interface
of a two-domain LC element, one can use
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FIG. 3. The director orientation geometry for NLC
molecules at TIR from the refractive interface: (а)
vertically polarized wave ( ~E||OX), (b) horizontally
polarized wave ( ~E||OY ). (in color)

FIG. 4. Light beam propagation in the electrically
controlled LC cell with a planar and homeotropic
director orientations in the adjacent regions. (in color)

the geometry with planar and homeotropic
orientations of the director in the adjacent regions
(Fig. 3а). When a wave with the electric field
vector ~E||OX is propagating in the region of the
homeotropic director orientation an extraordinary
wave is excited, the refractive index of the region
is ne. In the adjacent region with a planar
molecular orientation along the OZ-direction an
ordinary wave is excited, the refractive index of
the region is no.

Then the critical angle of total internal
reflection effect αcr for the vertically polarized
wave incident on the refractive interface is given
by the expression

αcr = arcsin
no
ne

(2)

where no, ne are refractive indices for the
ordinary and the extraordinary wave respectively.
The critical angle of TIR for ZhK-1289 comes to
αcr=64.9◦ (λ = 633 nm).

The wave with oscillations of the electric
field vector E along the OY-direction ( ~E||OY ,
horizontally polarized wave), propagating from
the region having a lower refractive index no to
the region with a high refractive index (that is
close to ne), is separated at the refractive interface
into the reflected wave and the refracted wave.

LC elements with planar and homeotropic
director orientations (Fig. 3а) were manufactured
in accordance with the process shown in Fig. 1.
An opaque conducting layer of chromium was
partially etched from a half of the lower substrate.
The initial planar director orientation ~n||OZ
over the whole plane surface of the element
was specified by mechanical rubbing technique.
Planar and homeotropic director orientations in
the adjacent regions of a two-domain LC element
are formed under the effect of an external electric
field. When the applied voltage is higher than
the threshold value Uthr=1.0 V (Fredericks effect
[4]), the LC molecules begin reorientation along
the ОX-direction in the cell region, where a
conducting chromium layer is deposited to the
substrate. The applied voltage that is higher
than the threshold value by a factor of 6 is
sufficient to realize the director reorientation from
planar to the homeotropic position. At the same
time, in that half of the cell, where there is
no conducting layer on the substrate, the initial
planar orientation of the director is retained.

Fig. 4 demonstrates the radiation
propagation patterns for a He–Ne laser with
λ=633 nm wavelength and 300 µW power in
a LC cell with the refractive interface. The
light wave was injected into an LC layer at
the angle α = 80◦ respect to the interface. As
seen from the experimental results, without the
applied electric field, light beams are propagating
rectilinear irrespective of polarization state
(Fig. 4а, c) because the initial molecular
orientation is identical in the bulk of LC layer.
Under the effect of an external electric field,
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the refractive interface is induced in the cell
and the TIR conditions are fulfilled for the
vertically polarized wave (Fig. 4b), whereas the
horizontally polarized wave is refracted while
passing through the interface (Fig. 4d). For the
incidence angle α = 80◦ the angle of refraction
was β = 79.1◦. In a cell with the selected director
orientation geometry, in accordance with Fresnel
formulae, the reflection factor was below 0.2%
and seems to be responsible for low intensity of
the reflected wave (Fig. 4d).

3.2. Electrically controlled LC cells with
a planar orthogonal orientation of the director
in the adjacent areas

To realize TIR of a horizontally polarized
wave from the interface, it is appropriate to
use the topology with a planar perpendicular
orientation of the molecular LC director in the
halves of the element, as shown in Fig. 3b. In
the beam incidence region the polarization vector
~E of a light wave and the LC director ~n make
an angle α different from 0◦ and 90◦ and hence
the domain is determined by the effective index
of refraction nef varying over the range [no..ne]
and given by the following formula:

nef =
none√

n2osin
2α+ n2ecos2α

(3)

where α is the angle of the wave incidence on the
interface.

The adjacent region is characterized by the
effective index of refraction that is given by

nef =
none√

n2ocos2α+ n2esin
2α
. (4)

In this case the critical incidence angle αcr of
a horizontally polarized wave on the refractive
interface is calculated from the ratio

αcr = arcsin

√
ne(

√
5n2e − 4n2o − ne)
2(n2e − n2o)

(5)

and comes to αcr = 68.4◦ (λ=633 nm).

FIG. 5. Propagation of linearly polarized light beam
in the electrically controlled LC cell with a planar
orthogonal director orientations in the adjacent
regions. (in color)

The initial planar orthogonal director
orientation in the LC element was specified by
means of the two-stage photoalignment technique
in accordance with the process shown in Fig. 2.
When an electric field is applied to the element
(U = 6Uthr), the refractive interface is destroyed
due to the almost total molecular reorientation
to the homeotropic position. As demonstrated
by the experimental results in Fig. 5, in a LC
cell with the initial planar orthogonal director
orientation the vertically polarized wave passes
the interface without any variations in the
propagation direction (Fig. 5а), whereas the
horizontally polarized wave (α = 82◦) is subjected
to TIR at the refractive interface of the two LC
director orientations (Fig. 5c). When the voltage
is applied to the cell, in a LC layer the director
orientations are homogeneous and homeotropic –
light beams propagating rectilinear irrespective of
polarization (Fig. 5b,d).

The above-mentioned variants of the
director orientation geometries in the
adjacent regions (planar/homeotropic and
also planar/orthogonal) offer the possibility to
develop LC devices for separation of polarized
light beams.
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FIG. 6. Photographs for the propagation of radiation
from He-Ne and Nd:YAG lasers in the electrically
controlled LC switch: (а) U = 0 V; (b) U � Uthr.
(in color)

3.2.1. Electrically controlled LC switch for
orthogonally polarized light beams

Combination of the two director orientation
geometries shown in Figs. 3а, b, in electrically-
controlled LC elements makes it possible to realize
not only beam separation (when a light wave,
obliquely incident on the interface at an angle
exceeding the critical angle, in one polarization
state is subjected to TIR and in the orthogonal
polarization state passes the interface without
variations in the propagation direction), but also
their switching when the orthogonally polarized
beams, separated at the interface, changes their
positions (switches) under the effect of an external
electric field.

By the use of the lower substrate with
a fragmentary opaque conducting layer of
chromium and by formation of the initial planar
orthogonal director orientation the horizontally
polarized wave was subjected to the total internal
reflection from the refractive interface. Due to the
electric field effect, in the region with chromium
the molecular orientation becomes homeotropic
to create the TIR condition already for the
vertically polarized wave. Fig. 6 demonstrates
the experimental photographs illustrating the
operation principle of a LC switch in the
case of two linearly polarized light beams.
Horizontally polarized radiation of a He–Ne laser
(λI=633 nm, P = 300 µW) and vertically
polarized second-harmonic radiation of a Nd:YAG
laser (λ2=532 nm, P = 350 µW ) were directed,
with the use of a semitransparent mirror, along

a single path to the LC element input facet at
the angle α = 75◦ with the interface between the
two director orientations. As demonstrated by the
experimental data, without an external electric
field (Fig. 6а), the horizontally polarized wave
(radiation of a He–Ne laser) was reflected. The
vertically polarized wave (radiation of a Nd:YAG
laser) passed the interface without variations
in the propagation direction. When a field was
applied, the horizontally polarized wave was
refracted at the interface of the two director
orientations, while for the vertically polarized
wave the TIR condition was fulfilled (Fig. 6b).

In this way the LC molecular orientation
geometry, for which mutually orthogonal director
orientations at halves of the element are obtained
without and with the electric field effect, enables
one to implement not only separation of beams
at the interface but also their switching, when
the orthogonally polarized beams separated at
the refractive interface changes their positions in
voltage-on-state.

4. Switchable waveguide NLC
structures for spatial control of light
beams

For the present-day photonics of particular
importance is the development of new geometries
of the waveguide LC structures with the purpose
of designing optical devices with advanced
functionality. Among the majority of publications
devoted to LC waveguides the attention is focused
mainly at the waveguide geometries providing
for the use of a layer of LC material with a
homogeneous director orientation as a core (or
as a cladding). At the same time, the problem
of implementation of the waveguide properties in
LC structures with spatially modulated director
orientation is studied incompletely.
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4.1. Switchable waveguide NLC
structure with the initial multidomain director
orientation

In the recent few years the spatially
modulated (locally inhomogeneous) NLC
structures representing a periodic sequence of
LC domains with different geometries of the
director orientation have received much attention
[22–27]. Such types of switchable LC elements
form the basis for many optoelectronic and
integrated-optical devices.

Fig 7 gives a scheme of a switchable
waveguide NLC cell with twist-planar geometries
of the director orientations in the adjacent
domains. The framework of a plane-parallel
sandwich-type cell comprises two glass
substrates uniformly covered with a transparent
conducting layer of ITO. The alignment layers
(photosensitive B-series polymer [28]) were
obtained by rod coating. The formation of
multidomain alignment structures on the surface
of a photopolymer layer at the upper substrate
and of the planar alignment structures on
the surface of a photopolymer layer at the
lower substrate was realized by photoalignment
technique. The thickness of a NLC layer was
20 µm in accordance with a modulation period
of the director orientation (Λ = 20 µm) within
the cell. The control over the optical anisotropy
modulation depth within the multidomain NLC
layer was realized by using the external low
frequency voltage (ν = 1.0 kHz).

As seen in Fig. 7, in voltage-off-state
(U = 0 V), a NLC layer represents a periodic
sequence of planar alignment (n||OY ) and twisted
alignment LC domains. In this case the considered
multidomain NLC layer is an optical waveguide
for the light beam linearly polarized along the
OY-direction ( ~E||OY,~k||OZ). Indeed, the planar-
aligned LC domains with the refractive index
ne function as a waveguide core, whereas the
twisted-aligned domains characterized by the
effective index of refraction nef = [no..ne]
function as a cladding. Since the refractive index
of the core (ne) is higher than that of the

FIG. 7. Sandwich-type NLC cell with multidomain
director orientation: (а, b) sketch of the device
structure and (c, d) corresponding top-view
microphotographs through crossed polarizes. (in
color)

cladding (nef ) of a NLC waveguide, the light
beams linearly polarized as an extraordinary wave
obtain waveguiding while propagating in plane of
multidomain NLC structure.

When the threshold voltage (Uthr = 1.0 V) is
applied to the LC cell, in the middle region of the
LC layer the molecular structure is deformed due
to the effect of an external electric field. In NLC
materials with a positive dielectric anisotropy
(δε > 0) the molecules tend to be aligned
with their long axes along the force lines of an
external electric field (when the latter is above
the Fredericks threshold). Thus, an orientation
transition from the twisted and planar phases to
the homeotropic one takes place in an external
electric field. As the driving voltage is growing,
a size of the NLC reorientation area increases
to result in destruction of the multidomain
structure and in disappearance of the waveguiding
properties of the cell. Actually, due to the
electric Fredericks transition, a multidomain
orientation of NLC is transformed to the uniform
homeotropic one (~n||OX) and the refractive index
of NLC for the linearly polarized light beam
~E||OY in the indicated case corresponds to no.

Fig. 8 а shows the experimental
microphotographs of light propagation (λ
=633 nm, P = 400 µW, ~E||OY , ~k||OZ)
depending on voltage in the multidomain
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FIG. 8. Light beam propagation in plane of switchable
waveguide multidomain NLC structure: (a) top-
view microphotographs and (b) corresponding light
intensity distribution profiles I(y) at z = 1.0 mm
depending on voltage U . (in color)

NLC layer. The corresponding light intensity
distribution profiles I (y) at the propagation
length z = 1.0 mm are demonstrated in Fig. 8b.
As follows from the experimental data, in the
switched-off mode (U = 0 V) the waveguide
propagation of laser radiation in multidomain
cell is realized that is based on the effect of TIR
from refractive interfaces of the LC domains
with different director orientations (planar and
twisted). As a result, the energy of a light beam
is localized within a single LC waveguide — the
cell is operating in the light-signal transmission
mode. In the switched-on state (U > Uthr) the

LC director is reoriented along the electric field
force lines that to the lowered effective index
of refraction of NLC media in the region of the
waveguide core and hence to disappearance of
the waveguiding properties. To illustrate, at the
voltage U = 2.0V one can observe a significant
increase in the transverse dimensions of a
light beam (in the YZ-plane)) accompanied by
significant attenuation of a light intensity along
OZ-direction – the cell operates as a light-signal
attenuator.

Depending on the value of external AC
voltage, two operation modes of the NLC
structure with the initial multidomain director
orientation are implemented: i) U = 0
– waveguiding mode, offering transmission of
optical signals; ii) U > Uthr – optical attenuation
mode. As the waveguiding mode in the considered
case is realized only for linearly polarized light
beams, the designed NLC structure with the
initial multidomain director orientation may be
used as well as an integrated-optical polarizer.

4.2. Switchable waveguide NLC
structures with the initial planar director
orientation

The periodic refractive index distribution
in a NLC layer can also be realized by means
of application of a spatially-modulated low-
frequency electric field to the planar LC layer
[29]. The spatially modulated electric field, as
a rule, is generated by using the patterned
conducting layers deposited on the substrates of
a LC cell. Geometry (pattern) of conducting layer
determines spatial modulation type of the electric
field strength.

Fig. 9 shows a schematic diagram of
switchable waveguide NLC cell containing comb-
shaped conductive layer at the lower substrate.
The upper substrate of the sandwich-type cell was
a glass plate uniformly covered with a transparent
conducting layer of ITO. With the use of laser
lithography, a comb-like conducting chromium
layer was formed on the inner surface of the

Нелинейные явления в сложных системах Т. 21, № 3, 2018



Integrated-Optical Nematic Liquid Crystal Switches: Designing and Operation Features 215

FIG. 9. Sandwich-type NLC cell with the comb-
shaped electrode: (а, b) sketch of the device structure;
(c, d) corresponding top-view microphotographs
through crossed polarizes. (in color)

lower glass substrate. A period of the pattern for
the conducting layer of chromium came to Λ =
20 µm; a width of the conducting strips (10 µm)
was equal to the gap between these strips (10 µm).
The initial planar anchoring conditions for the
NLC along OZ-direction was realized by using
the photostimulated rubbing alignment technique
[28]. The photopolymer M-series [28] was used
as alignment material. A low-frequency spatially
modulated along the OY-direction electric field
was applied across the cell in accordance to create
the periodic refractive index distribution in a bulk
NLC layer.

Propagation of linearly polarized beam
( ~E||OX, ~k||OZ) in plane of a NLC layer has
been considered for different applied voltages U.
At U = 0 the LC director is planar aligned
along the OZ-direction (see Fig. 9) and hence
the refractive index of NLC corresponds to
no because vecn⊥E. At the applied voltages
U > Uthrin the region of conducting chromium
strips the NLC director is reoriented along
the electric force lines as shown in Fig. 9. In
turn, electrically field induced reorientation of
NLC director lead to the increasing of effective
refraction index (nef ) in the region of the
LC waveguide core. But in the region of the
gaps between conducting chromium strips the
refractive index of NLC media correspond to no as
the director orientation has remained planar. The

FIG. 10. Light beam propagation in plane of
electrically induced waveguide NLC structure: (a) top-
view microphotographs and (b) corresponding light
intensity distribution profiles I(y) at z = 1.0 mm
depending on voltage U . (in color)

formation of the electrically-induced refractive
interfaces of LC domains with different director
orientations makes it possible to implement the
waveguiding within a cell by multiple realization
of the TIR effect in the LC waveguide core. It
should be noted that by changing the pattern of
the conducting layer at LC cell substrates, one
can realize the waveguide propagation of laser
radiation along the another path corresponding to
selected geometry (pattern) of a conducting layer.

Fig. 10 а shows the experimental
microphotographs of light propagation
(λ=633 nm, P = 300µW, ~E||OX, ~k||OZ)
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depending on voltage in the planar-aligned NLC
cell containing a comb-shaped electrode. The
corresponding light intensity distribution profiles
I (y) at the propagation length z = 1.0 mm
are given in Fig. 10 b. According to the data
obtained, in the switched-off-state (U = 0) one
can observe a significant diffraction divergence of
a light beam propagating in the plane of a planar-
aligned NLC layer – the cell is operating as an
optical attenuator. When the voltage that is
above the threshold value (U > 1.0 V) is applied
across a LC cell, the waveguide propagation
mode is switched on and the cell operates in
the optical signal transmission mode. When the
voltage exceeds the threshold value by a factor of
three and more (U > 3.0 V), one can observe the
formation of a stable NLC waveguide channel.
The electrically-induced LC waveguides are
polarization-sensitive [30] since the waveguide
mode is realized only for light beams with
polarization corresponding to an extraordinary
wave. Because of this, the developed switchable
waveguide NLC structure can be used as an
integrated-optical polarizer.

It is seen that, with a growth of driving
voltage, one can observe broadening of the
electrically-induced waveguide channels (Fig. 10)
due to a nonlocal character of the NLC
molecular reorientation in external electric field
[22]. When the voltage is insignificantly higher
than the threshold one, the director is reoriented
predominantly in the middle region of a LC layer
that is far from the substrates. As the voltage
is growing, the electric force lines go beyond the
boundaries of conducting strips and hence cause
reorientation of NLC molecules in the adjacent
regions.

Applying of patterned electrodes made
it possible to realize miniature electrically-
controlled NLC elements operating as optical
beam splitter and adder. The patterned
chromium conductive layers were deposited
by the laser lithography over glass substrates
in different patterns: i) splitter and ii) adder,
respectively (Fig. 11). Each substrate containing
the patterned electrode was an framework

FIG. 11. Microphotographs of the cells substrates
containing a patterned electrode: (а) splitter-shaped
and (b) adder-shaped.

element of a separate NLC cell.
Fig. 12 а shows the experimental

microphotographs of light propagation
(λ=532 nm, P = 300 mW, ~E||OX, ~k||OZ)
depending on voltage in the LC cell with a
splitter-shaped electrode. The corresponding
light intensity profiles at the propagation length
z = 2.0 mm are given in Fig. 12b.

In voltage-off-state (U = 0), radiation
coupled into input facet is scattered in a planar
LC layer – the cell operates as an optical
attenuator. The refractive index of NLC media
in this case corresponds to no. In voltage-on-state
(U ≥ 1.5 V) the waveguides (with the geometry
corresponding to the pattern of conducting layer)
are switched on and the waveguide propagation
mode of laser radiation is realized within the
electrically-induced NLC splitter. A switchable
NLC splitter makes it possible to implement
the spatial control of a light beams by means
of an external electric field and to realize the
functions of the controlled optical-power divider.
While the waveguide mode is realized for light
beams with polarization corresponding to an
extraordinary wave, a NLC divider may be used
as an integrated-optical polarizer as well.

Fig. 13а shows the experimental
microphotographs of the cooperative light beams
(λ1=532 nm, λ2=633 nm, P1 = P2 = 300 µW,
~E1, ~E2||OX,~k1,~k2||OZ) propagation depending
on voltage in a LC cell with an adder-shaped
electrode. The corresponding light beam intensity
distribution profiles I (y) at the propagation
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FIG. 12. Light beam propagation in plane of
switchable waveguide NLC splitter: (a) top-view
microphotographs and (b) corresponding light
intensity distribution profiles I(y) at z = 2.0 mm
depending on voltage U . (in color)

length z = 2.0 mm are shown in Fig. 13b.
In the switched-off state the cell is operating

as an optical attenuator. A patterned adder-
shaped electrode on the cell substrate offers
spatial separation of the input light beams onto
two identical optical channels when the control
voltage exceeds the threshold value (U > Uthr).
While light beams propagates in the waveguide
mode within the plane of a NLC layer in the
central region of the patterned electrode the
optical power is added. As a result, the waveguide
NLC adder, under the control of an external
electric field, offers the functions of optical
power splitting/adding, and the function of an

FIG. 13. Cooperative light beams propagation in
plane of switchable waveguide NLC adder: (a) top-
view microphotographs and (b) corresponding light
intensity distribution profiles I(y) at z = 2.0 mm
depending on voltage U . (in color)

integrated-optical polarizer characterized by low
operating voltages.

5. Conclusion

This paper presents powerful techniques
of manufacturing the electrically-controlled
spatially-structured LC elements. TIR of linearly
polarized laser radiation from the electrically-
controlled refractive interface has been realized
experimentally in LC elements with a planar
orthogonal orientation of the director, and with
planar and homeotropic molecular orientations
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in the adjacent regions. The director orientation
geometries in a thin-film NLC layer have been
developed to offer realization of the controlled
waveguide propagation mode for linearly
polarized laser radiation. New configurations
of spatially-modulated electric field have been
proposed to provide the formation of polarization-
sensitive waveguide splitters and adders in a
planar-aligned NLC layer. Breadboard models

of the electrically-controlled waveguide NLC
integrated-optical schemes have been designed
to make possible the transmission of optical
signals by waveguide channels, splitters and
adders. The obtained results look promising for
the development and manufacturing of light-
beam control integrated-optical devices with low
operating voltages.
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