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Abstract. Liquid crystals are nowadays widely used in all types of dis-
play applications. However their unique electro-optic properties also make
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1 Introduction

Liquid crystals (LCs) are organic materials that are liquid
but that show a certain degree of ordering (positional and/or
orientational). With this definition, many materials can be
classified as liquid crystals, but the majority of liquid crystals
that are used in photonic applications are of the thermotropic
type. Thermotropic means that the liquid-crystal phase
exists within a certain temperature interval (in contrast to
lyotropic materials for which the material is liquid-crystal
within a certain concentration range). Various types of
thermotropic liquid-crystal materials exist, and many differ-
ent mesophases have been discovered in the last decades:
nematic, smectic A, smectic C, columnar, blue phases, and
many many more. The diversity of liquid-crystal materials is
huge, but this diversity is even overshadowed by the number
of applications in which liquid crystals are used nowadays.
The majority of applications are related to information-
display applications. Liquid crystals have conquered the
major market share in different display application areas:
television screens, laptop screens, screens in mobile phones,
etc. Only in projection displays does a tough competitor
exist, namely microelectromechanical systems or licenced
by Texas Instruments: Digital light processing. Organic light
emitting diodes (OLEDs) are the obvious next generation
technology that could overtake the LC domination, but today
OLED displays have not penetrated the market and only the
future will tell if they will. In this review article, we will
focus on nondisplay applications, but because we cannot go
too broad, we restrict ourselves to photonic applications in
which the light is actively manipulated by the LC. In this re-
view article, a certain external influence (surface anchoring,
electric fields, optical fields) is used to (re)orient the LC in
a certain way. In turn, the LC then changes the light that is
propagating through it. Of course, as in every review article,
it is impossible to list all the fascinating new scientific results
or breakthroughs. Therefore, the authors apologize for not
including some novel exciting phenomena or applications
such as light-induced switching of LC polymers' or
novel retardation structures such as broadband cholesteric
filters.*>
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Numerous books and articles exist that deal with physical
properties of LCs®® and with display applications.”!! A
very nice review on the different types of LC materials that
exist for photonic applications is written by de Bougrenet
de la Tocnaye.!? In this review article, we will focus on the
diversity of applications of LCs with special attention to the
different configurations and engineering techniques that are
applied.

2 Classification and Properties of Liquid Crystals
2.1 Liquid Crystals: A Fourth Phase of Matter

The liquid crystalline phase can be formed by different types
of organic molecules. Anisotropy in either shape or solubility
of the molecules is required. A balanced interaction between
the molecules is the key to obtain a liquid crystalline be-
havior. In thermotropic liquid crystals, this interaction is in
competition with the thermal motion of the molecules and
the liquid-crystal phase is only stable within a certain tem-
perature interval. Thermotropic liquid crystals usually have
a high degree of anisotropy in the shape of the molecules (or
mesogens). The most common type consists of rod-shaped
molecules. The organic molecules typically have a long chain
structure containing a side chain, multiple aromatic rings,
and a terminal group on the other side.'* As an illustration,
Fig. 1 shows a 4-pentyl-4’-cyanobiphenyl molecule, which
constitutes the well-known liquid crystal SCB, which has
been widely used in mixtures for display applications.

The 5CB molecule depicted in Fig. 1 has mirror plane
symmetry and is therefore called achiral. The structure of
chiral molecules is not planar but has different functional
groups above and below the plane. Depending on the ar-
rangement of the groups with respect to each other, two
configurations (enantiomers) are possible. Enantiomers typi-
cally have identical chemical and physical properties, except
for their optical activity.

2.2 Nematic and Smectic Phases

The ordering of thermotropic liquid-crystal molecules de-
pends both on their chemical structure and temperature. For
rodlike molecules, the ordering can be further classified as ei-
ther nematic or smectic. The transitions from one mesophase
to the other are reversible and occur at well-defined temper-
atures. The nematic phase of achiral liquid crystals can be

August 2011/Vol. 50(8)

Downloaded from SPIE Digital Library on 16 Jun 2011 to 157.193.205.167. Terms of Use: http://spiedl.org/terms


mailto:Jeroen.Beeckman@elis.ugent.be

Beeckman, Neyts, and Vanbrabant: Liquid-crystal photonic applications
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Fig. 1 Chemical structure of a 5CB molecule (4-pentyl-4’-
cyanobiphenyl).

observed at temperatures below the clearing temperature for
transition to the isotropic phase. In this case, the long-range
orientational order dominates over thermal fluctuations and
the molecules tend to align their long axes in a common di-
rection (denoted by the director Z), as shown in Fig. 2(a).
However, no long-range positional order of the molecules
with respect to each other is present. The chiral nematic phase
is very similar as for achiral mesogens, but the asymmetry
of the molecules causes a gradual rotation of the director,
which induces a spontaneous and continuous twist around
the normal of the preferred molecular directions [Fig. 2(b)].
The distance over which the director has rotated over an an-
gle 27 is called the pitch Py of the chiral nematic phase. If
the temperature is decreased below the nematic range, then
certain liquid crystals arrange in smectic layers. Depending
on the molecular interaction energy, the smectic mesophase
is typically further divided into the smectic A and smectic
C phases. The molecules in the smectic A phase can freely
rotate around the director, and the end group can point either
up or down. In the smectic C phase, the molecules are ar-
ranged in smectic planes similar as in the smectic A phase.
There is a higher order because the molecules are not able to
rotate freely around their long axis and they are tilted with
respect to the layer normal as indicated in Fig. 2(c). The end
group of the molecules can still be oriented up or down.

2.3 Properties of the Nematic Phase

The mix of properties on the microscopic scale has lead
to the excellent macroscopic electro-optic properties of lig-
uid crystals, combining low viscosity (as in liquids) with
anisotropy (typical for crystals). The nematic phase is most
commonly used in applications because it is the easiest
mesophase in terms of technology and in terms of under-
standing its behavior. The molecules are free to rotate around
their long axis in the homogeneous nematic phase, yield-
ing a full rotational symmetry. The symmetry elements of
any physical property of a crystal must include the symme-
try elements of the point group of the crystal (Neumann’s
principle'*). This implies that homogeneous nematic lig-
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Fig. 2 Director configuration in (a) achiral nematic, (b) chiral nematic,
and (c) smectic liquid-crystals.
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uid crystals have uniaxial macroscopic properties. Nematic
liquid crystals exist with wide temperature range, different
dielectric anisotropy (—10 < Ae < 20), different birefrin-
gence (0.07 < An < 0.5) and high stability (mainly due to
the development of fluorinated compounds).'

A certain orientation of the liquid-crystal layer in the re-
laxed state can be realized by using an appropriate align-
ment layer at the interfaces of the liquid crystal with the
surrounding media. Even patterned alignment of the lig-
uid crystal is possible by using photoaligned surfaces,'®!”
(e.g., for use in polarization gratings'® or micropolarizers.'?)
The electrical properties of the nematic phase can be de-
scribed by the 3x3 dielectric tensor, which takes the fol-
lowing form: ¢;; = €16;; + AeL;L; (withi, j = x, y, z and
Ag = g — €1 ). The orientation of the liquid crystal can be
changed because of its dielectric anisotropy Ae by apply-
ing an external electric field E. The corresponding energy
density feectric can be calculated as:?0

1 —

foeasie = =5 [e1|EI* + Ae(L - EY]. M)
On the basis of this free energy, one can define a torque that
acts on the liquid-crystal molecules due to the electric field.
This torque is equal to I' = ggAe (L.E) (Lx E). The torque
on the molecules is zero for an angle of 0 or 90 deg between
the electric-field direction and the director axis. For an angle
of 45 deg, the torque is maximal and, for a positive Ag, the
electric-field tries to align the director along the electric-field
direction. Liquid-crystal molecules tend to reach an equi-
librium state for which the free energy is minimized. If the
applied voltage exceeds the Freedericksz threshold for elastic
deformation, then the liquid-crystal tends to align parallel (as
incase g > ¢ )orperpendicularly (asincase g < &) )tothe
electric field. Because of the optical anisotropy An, changing
the orientation of the liquid-crystal also modifies the phase
retardation for polarized light induced by the material. Such
electrically controlled birefringence has been applied in the
vast majority of liquid-crystal devices to date.

2.4 Polymerization of Liquid Crystals

In several applications, the liquid-crystal is stabilized by a
polymer network by adding reactive compounds to the mix-
ture. After exposure by UV light, the mixture with a pho-
toinitiator is polymerized. In the polymerization reaction,
the compounds are linked together and an anisotropic net-
work is formed inside the liquid-crystal mixture, as shown in
Fig. 3(a). The orientation of the liquid-crystal can still be
changed electrically, but higher voltages are required be-
cause of the strong interaction between the liquid-crystal and

00.
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Fig. 3 Director configuration in (a) polymer stabilized and (b) polymer
dispersed liquid-crystals.
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the polymer network. When the electric field is removed,
the liquid-crystal rapidly reaches the relaxed state because
of the “memory effect” induced by the polymer network.
When high polymer concentrations are used in the mixture,
the liquid-crystal and polymer can become phase separated
after polymerization. In this case, micrometer-sized droplets
of liquid-crystal are embedded in a polymer matrix as shown
in Fig. 3(b). Such polymer dispersed liquid-crystals (PDLCs)
have been applied in switchable scattering devices. When no
electric field is present, the liquid-crystal droplets are ran-
domly oriented and a PDLC slab will scatter light because of
the variations in refractive index. However, the liquid-crystal
droplets can align in a common direction when an electric
field is applied. Depending on the configuration, the system
can act as a homogeneous transparant layer in case the re-
fractive index of the polymer matches either the ordinary or
extraordinary refractive index of the liquid-crystal.

2.5 Blue Phases

It has been observed that the helical structure of the chiral
nematic phase [see Fig. 2(b)] of sufficiently low pitch can-
not deform continuously on transition to the isotropic phase
without the creation of defects.?! As a result, an interme-
diate phase with a three-dimensional lattice of double-twist
cilinders (in which the director rotates in a helical fashion
about any axis perpendicular to a normal) occurs as shown in
Fig. 4. Because the lattice constant is on the order of a few
hundred nanometers, the structure can behave as a Bragg re-
flector in the visible part of the spectrum. In the original ob-
servation of this intermediate phase by Reinitzer, the material
appeared as a blue substance because of Bragg reflection.??
Hence, this interim phase was called the “blue phase”. Blue
phases are optically isotropic and have a high optical non-
linearity (Kerr effect, see Sec. 7.1), Thus, applying a suf-
ficiently strong electric field induces birefringence in the
liquid-crystal. Blue phases typically exist over a very narrow
temperature range (~1 K), which restricted their attractive-
ness for applications for a long time. However, blue phases
stabilized over a wide temperature range (260-326 K in
Ref. 23) have been demonstrated more recently, making them
eligible to become the liquid-crystal phase of the future.

3 Filters and Switches

In display applications, the LC is used to modulate the light
transmission through the different pixels. Crossed polarizers
are used, and the liquid-crystal layer acts as a variable retarder
to modulate the polarization of light passing through. In ver-

N
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Fig. 4 Three-dimensional lattice of double helix cilinders in the blue
phase.

Optical Engineering

081202-3

tically aligned or in-plane-switching displays, a bright pixel
is obtained by rotating the incoming polarization over 90 deg.
This rotation is done by using the liquid-crystal layer as a
half wave plate and thus engineering the optical retardation.
In Twisted Nematic (TN) (or Super Twisted Nematic (STN))
displays, the situation is a bit more complicated because the
retarder axis rotates. In order to make an optical filter or
optical switch, one can use the same physical principles as
the ones used in display applications. Here, we will focus
on wavelength tunable filters, switches for optical signals in
telecommunication, and tunable liquid-crystal lenses.

3.1 Wavelength Tunable Filters

In standard three-color imaging, one actually takes three im-
ages for three different colors or wavelength ranges. A color
CCD, for example, often consists of RGB pixels in a Bayer
arrangement, with double the amount of green pixels, com-
pared to red and blue. In hyperspectral imaging, the aim is
to obtain images of a certain object for much more different
wavelengths and each image should be related to only a small
wavelength range. The Lyot-Ohman tunable filter>* was pro-
posedin 1938, and today it is still the reference for hyperspec-
tral imaging. These filters are commercially available, such
as the VariSpec from Cambridge Research & Instrumenta-
tion (CRI). The principle of such a filter is best explained
by considering Fig. 5. The device consists of a number of
parallel polarizers with planar nematic liquid-crystal cells in
between. The thickness of the liquid-crystal cells doubles
with respect to the previous one: dj, = 2.d; = 2'd;. The
transmission of two polarizers in combination with one LC
cell gives rise to the following transmission:

1 ri\> 1 7 And; \?
T=—-(cos— ) ==|cos . 2)

2 A

By creating a stack of N steps, we obtain a transmission

T =

< 2flr1)2_l sin2V-'r) 17 3
cos =2 [2N sin(F1/2)i| '

N =

2

i=1

Polarizer

NLC4
Polarizer
NLC3
Polarizer

NLC2

Polarizer

NLC1

Polarizer

Fig. 5 Lyot-Ohman filter, which consists of a number of planarly
oriented LC cells in-between parallel polarizers.
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This results in a transmission spectrum with a central
peak at a certain wavelength and a nearly zero transmission
for other wavelengths. The width of the transmission peak
decreases with increasing N, and also, the unwanted trans-
mission at other wavelengths is suppressed. By changing
the voltage applied to the different LC cells, the transmitted
wavelength can be tuned. The thickest LC cell determines the
speed of the device; thus, in practical devices, this thickness
is minimized by combining the LC cell with a fixed retarder
made, e.g., of quartz.

Even in the last few years there has been quite some work
on Lyot-Ohman type devices because of the wide range of
applications. Effort has been devoted to, e.g., sensing the
different polarization properties of the incoming light,?>2¢
polarization insensitivity,”’ or wider spectral ranges.”®3!

The main drawback of these Lyot—Ohman filters is the
high loss in transmission because of the series of polariz-
ers. In any case, 50% of the light is lost because of the first
polarizer. Additionally, practical polarizers only have a trans-
mission of about 30—40% for unpolarized light.

Another class of tunable filters is based on the use of
Holographic polymer dispersed liquid crystals. The liquid
crystal is actually a mix of polymerizable material (typically,
UV curing glue) and nematic LC. Interference of two UV
laser beams, leading to a sinusoidal UV intensity, gives rise
to polymer-rich regions and liquid-crystal rich regions in
the cell in a periodic way. Writing a grating that is along
the substrates leads to switchable diffractive gratings.’> A
grating with a period perpendicular to the substrates leads
to a wavelength dependent filter with typically a reflection
for a rather narrow wavelength band.>*3* These gratings can
be switched off by applying a voltage, providing that the
refractive index of the polymer is matched with either n
or nj. The switching speed of these gratings are typically
<1 ms.

3.2 Optical Switches in Free Space

Optical switches that switch light from one input fiber to a
certain output fiber is not a simple task. Light in the fiber is
caught in a high refractive index region and a set of high-
precision lenses is necessary to couple the light coming out
of one fiber into an output fiber with low losses. On top of
that, it is necessary to perform switching with an electro-
optic element with a certain speed and a minimum of cross
talk. A very simple design for an N xN switch (i.e. with
N inputs and N outputs) is shown in Fig. 6. Light from
two input fibers goes to a matrix of 2x2 LC shutters by
means of 50/50 splitters. The LC shutter either transmits or
blocks the light. The light that passes through the shutter is
then coupled into an output fiber. Again, a 50/50 splitter is
necessary. In this way, an N x N switch can be fabricated with
any arbitrary value of N, but in practice, this geometry is not
usable because the losses are too high. First, for an N x N
switch, only a factor 1/N? of the light is coupled into the
desired output. Additionally, 50% of the light is lost because
the switch is usually polarization dependent.

A number of free-space switches have been presented in
literature based on liquid crystals. There is nice, but out-
dated review by d’Alessandro and Asquini.*® Different de-
signs have been presented in order to reduce losses and cross
talk and avoid the polarization dependency.’®® However,
most of the promising free-space LC switches are based on
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Fig. 6 Simple 2x2 optical fiber switch based on LC shutters.

a different principle, which is shown in Fig. 7. Light from an
input fiber is projected onto a spatial light modulator (SLM)
by means of a lens. The SLM changes the phase of the beam
in a pixelated way after relection and in the Fourier plane of
the lens, a certain intensity profile can be created by loading
the correct phase pattern onto the SLM. By loading differ-
ent phase patterns onto the SLM, the light can be coupled
into one (or more) of the output fibers. These switches are
actually based on holographic projection, and a number of
devices have been demonstrated.’**° SLMs and their appli-
cations are discussed in more detail in Sec 4.

3.3 Liquid-Crystal Lenses

Lenses with an electrically tunable focal length and/or a
repositionable focus are of broad interest for a number of
applications. Because there are no moving parts in such
a lens, they can be more reliable and able to withstand
mechanical shock. Such tunable lenses can be applied in
adaptive binocular glasses, autofocus cameras, LED light-
steering applications,*! 3-D confocal microscopy,* etc. A
wide number of approaches have been studied to realize
tunable lenses, and some of them are illustrated in Fig. 8.
Figure 8(a) shows a configuration with a LC layer with
nonuniform thickness. By using a liquid-crystal with n; <
Nglass < Ny, it possible to tune the lens, going from con-
cave to convex.*’ The biggest problem with LC is the
fact that such lenses only work with one linear polariza-
tion component of the light so that a polarizer is necessary.

Fourier lens

Array of single mode waveguides
connected to standard ribbon fibre SLM

Fig. 7 Optical switch in freespace based on holographic projection.
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Fig. 8 Different approaches for tunable lenses with liquid-crystals.

Figure 8(b) shows a different approach in which the LC
layer is homogeneous. Because of curvature of the glass and,
hence, the nonuniform distance between the electrodes at a
certain position in the cell, the LC switches inhomogeneously
and thus results in a variable focal length.** Figure 8(c) shows
adifferent approach that is nowadays succesfully used in aut-
ofocus cameras in cell phones.*’ The LC layer is again ho-
mogeneous, but due to the use of two different dielectric ma-
terials with different dielectric constants, the electric field in
the LC layer is different at different positions. The refractive
index of the dielectric materials are matched, so the LC layer
itself fully incorporates the optical functionality, while the
two dielectric materials take care of the electric functionality.

Two main other approaches have been studied extensively.
One of the methods is to use a uniform LC layer, but to use
a certain transparent electrode design to realize a spatially
nonuniform electric field. The simplest approach is to pat-
tern the transparent conductor in a way that a Fresnel-type
lens is obtained with different zones of the liquid-crystal that
are alternatively switched and not switched.*® This approach
however requires accurate fabrication of the electrode pat-
tern. As an alternative approach, the combination of a weakly
conductive layer in combination with a hole-patterned elec-
trode can also produce a spatially dependent electric field
across the LC layer. In literature often this approach is called
a modal-controlled LC lens.*’™ But it is difficult to obtain
the correct electric field variation and to avoid aberrations
with this method. A last method uses a uniform LC layer
with uniform electrodes, and the nonuniformity of the LC
switching is obtained by a gradient in the polymer concen-
tration of a polymer stabilized liquid-crystal.’%!

4 Spatial Light Modulators

SLMs are versatile optical components that are used to ma-
nipulate the amplitude or phase pattern of a light beam in
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Fig. 9 Modulated wavefront of a plane wave polarized along the
X-axis.

space. Liquid-crystal-based SLMs are very similar to (trans-
missive or reflective) liquid-crystal microdisplays: a matrix
of electrically addressable pixels in which the orientation of
the liquid-crystal is controlled by applying a voltage. There-
fore, amplitude-modulating systems are very similar to pro-
jection systems: the pixels act as light valves for polarized
light. As aresult, the intensity profile of the light beam prop-
agating through the SLM is modulated in space by the image
imposed on the microdisplay. A phase-modulation setup con-
sists of a transmissive or liquid-crystal-on-silicon microdis-
play, which is operated without polarizers. Similarly, as in
amplitude modulation systems, the liquid-crystal induces a
variable phase-retardation per pixel to modulate the wave-
front in space as shown in Fig. 9. In this section, we focus
on two revolutionary applications of phase modulation with
SLMs: laser-beam steering (an excellent overview can be
found in Ref. 52) and holographic applications.

4.1 Laser Beam Steering

Shaping the phase retardation across the SLM allows non-
mechanical beam steering similarly as in a prism or blazed
grating: a linear phase retardation induces an optical path dif-
ference due to the difference in effective refractive index. As
a result, the wavefront is tilted by this optical phased array>>
(OPA), and the beam is deflected to a nonzero angle. A saw-
tooth phase profile, as shown in Fig. 10 with abrupt 27 phase
transitions (so-called flybacks) is used in devices (e.g., opti-
cal interconnects>*-3%) because this yields the same unfolded
phase retardation for monochromatic light while limiting the
maximum optical path difference to the wavelength A. Con-
tinuous tuning of the beam deflection within a limited range
can be realized’ by either changing the period®* or the
blaze®' of the phase profile.

In practice, mainly two factors limit the steering effi-
ciency of liquid-crystal-phased arrays. The first limitation
is associated to a nonideal 27 phase transition because the
liquid-crystal deforms continuously. Furthermore, the volt-
age applied over the liquid-crystal changes abruptly between
two neighboring pixels at the 27 phase transitions. However,
the liquid-crystal orientation will be influenced by fringing
electric fields between the pixels because the cell thickness
is typically comparable to the pixel dimensions in search of
high resolution.®?> As a result, the 2 phase transition is not
only continuous because of the finite extent of the elastic
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Fig. 10 Beam steering of a plane wave by a phased array.

deformation, but the flyback region is also elongated due
to fringing fields.®>% The flyback region is the distance
over which the 27 phase jump is smeared out. It has been
shown that this effect is detrimental for the steering effi-
ciency 7 at large angles 0.8 If @ exceeds 5 deg (respec-
tively, 10 deg), the efficiency is below 50%(respectively
25%), while no beam steering occurs (n = 0) if the de-
sired deflection angle exceeds 20°.°% Fringing fields can
also induce undesired twisted regions in the director profile,
which can induce depolarization.%® %67 A second limitation
on the steering efficiency follows from the discretization of
the phase profile because the driving voltage is constant per
pixel in the phase array. This effect is however limited com-
pared to the influence of fringing fields and can usually be
neglected.”” Further design considerations, such as the influ-
ence of surface alignment,%® electrode configuration,%* and
silicon backplane,69 have been described in the literature.

Because of their limited steering efficiency, liquid-crystal
phased arrays are often used in combination with a second
element capable of steering to discrete but larger angles.”®
Such a hybrid device can allow continuous steering over a
wide angular range. Three classes based on liquid-crystals
have been described in literature. A first approach is based
on the spatial polarization separation induced by birefringent
prisms.”"72 A liquid-crystal OPA first deflects the beam un-
der a small angle toward a cascade of birefringent prisms.
Before each prism, the polarization state of the incident light
is controlled by a tunable liquid-crystal layer. The light is
refracted by each prism depending on its polarization state.
The consecutive refractions steer the beam in the desired di-
rection. An important drawback of such a system is that very
thick (a few centimeter) prisms are required for wide-angle
steering.>? Instead of using birefringent prisms, a very similar
system has been described that uses a cascade of thin liquid-
crystal polarization gratings.”> These gratings diffract light
under wide angles at an efficiency that has been demonstrated
to be close to unity over a wide range of grating periods and
wavelengths.”* 7> In a third approach, a holographic medium
is sandwiched between two liquid-crystal phased arrays.”®7”
The holographic medium’® contains several fixed gratings for
large-angle beam steering. The desired grating is addressed
by the first phase array, and the second phase array adds con-
tinuous steering control over small angles to the wide-angle
deflection of the grating.
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Fig. 11 Holographic projection setup.

4.2 Holographic Applications

Holographic systems are based on the inherent Fourier trans-
form in the far field of a hologram illuminated by coherent
light. Advanced algorithms exist in literature’~** to calculate
aphase-only hologram image that yields the desired image in
the far field. The resulting phase image can be generated by
a SLM in which the liquid-crystal induces, per pixel, the de-
sired phase. Therefore, SLMs can be used as reconfigurable
diffractive optical elements for dynamic beam shaping,’+-%
correction,®” and sampling.®® This allows one to generate
complex intensity profiles suited for laser material process-
ing, such as dynamic photolithography.3% %0

If the frame rate of the phase image is sufficiently high,
then the SLM can be used as a holographic projector. To
create a full-color video projector,”’ the phase-modulating
SLM is time-sequentially illuminated by red, green, and blue
laser diodes as shown in Fig. 11. A beam expanding lens
pair can be used for providing wide projection angles in
excess of 100 deg. The key to realize holographic projection
systems lies in developing fast algorithms to calculate the
phase images in real time.”> The accurate calculation of these
phase images still seems to be a limiting factor at the moment.
Other real time applications include optical tweezers,” in
which the position of the trapped particle can be manipulated
by updating the hologram.

5 Waveguide-Based Devices

In the previous sections, liquid-crystal devices manipulate
light beams that are traveling in free space. For display or
camera applications, light in free space is inherently con-
nected with the application. There are also many applications
in which the propagation of light in free space is not essen-
tial, such as optical communication and optical sensing. For
these applications, it can be useful to lock up the light in
optical waveguides. In a waveguide, the diffraction of a light
beam (which is always present in free space) is suppressed by
the inhomogeneity of the optical medium. Typically, single-
mode waveguides are used, in which (for one wavelength)
only one mode can be transported, with a particular effective
refractive index. Because liquid-crystals are easily influenced
by an electric field or a temperature change (or by other ef-
fects), their presence near the core of the waveguide can be
used to modify the effective refractive index of the light in
the waveguide.
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5.1 Slab Waveguides

A slab waveguide is a one-dimensional stack of homoge-
neous layers, where the light is confined in one (or more)
layers of the stack. In the simplest form of isotropic ma-
terials, a central layer with the highest refractive index is
sandwiched between two other materials with lower refrac-
tive indices. Depending on the thickness of the central layer
(and on the refractive index contrast), one or more modes
(TM or TE) can propagate in this one-dimensional structure.
In a slab waveguide, with layers perpendicular to the x-axis,
the light beam is confined in the x direction. This means that
there is no diffraction in the x direction. There is no confine-
ment in the yz plane, and a light beam propagating in the z
direction with a limited beam width in the y direction will
diffract and increase its width in the y direction. The effective
refractive index of a mode in a slab waveguide depends on
the refractive indices and the thicknesses of the layers in the
stack.

If an anisotropic layer (for example, a liquid crystal) is
placed on top of a slab waveguide, then the modes of the
waveguide, their polarization, and their effective refractive
index are modified, as schematically shown in Fig. 12. If
the refractive index of the slab is much higher than the re-
fractive index of the liquid-crystal (and if the slab is not
extremely thin), then most of the light will remain in the slab
and only a small evanescent part of the mode will propagate
through the liquid-crystal. In this case, switching the orienta-
tion of the liquid-crystal will only have a small effect on the
effective refractive index of the mode. If on the other hand,
the refractive index of the LC is close to that of the slab or the
slab is very thin, then the influence on the effective refractive
index can be considerable.

Commercially, a number of components are already avail-
able that are based on slab waveguides covered with liquid-
crystal. The liquid-crystal can be switched from planar to
perpendicular to the plane of the waveguide by an applied
voltage. Beacuse only the evanescent tail of the mode is in-
fluenced, a variation in the refractive index of 0.02 can be
obtained by applying a voltage of 50 V over the LC.* This
principle can be used to modulate the optical path difference
between the fundamental TM and TE modes over ranges on

Il

T

=0 V=V,

the order of millimeters. Such large optical path differences
can be used in broadband Fourier spectrometry for infrared
detection of molecules.”

A light beam propagating (mainly) in the z direction in a
slab waveguide can be modified by varying the optical path
difference in the y direction. This can be done by varying the
voltage along the y direction or by changing the length of
the electrode as a function of the y coordinate. As a result,
the phase will become a function of the y coordinate. This
approach is similar to beam steering and modulation in free
space. A linear variation of the phase delay with y will change
the angle of the beam, and a parabolic variation of the phase
delay will lead to a focusing or defocusing of the beam. This
principle has also been used in Ref. 94.

When two slab waveguides are in each others vicinity,
there can be coupling from one waveguide to the other if
there is some overlap between the evanescent modes of both
waveguides, as shown in Fig 12. The distance that the light
must travel to transfer from one waveguide to the other is
called the coupling length, which depends on the distance
between the waveguides and on the refractive index of the
material between them. If a layer of liquid-crystal is used
as intermediate material, then the coupling length will de-
pend on the orientation of the liquid-crystal. With an applied
voltage, the orientation of the liquid-crystal and the coupling
length can be modified. If the coupling section has a certain
width, then the variation of the coupling length can be used
to switch (or not switch) the light. This principle has been
used by Clark and Hand shy for realizing coupling between
two slab waveguides, by using a thin layer of surface stabi-
lized ferro-electric liquid-crystal. More detailed simulations
for this system have been carried out by Ntogari et al.”

5.2 Single Mode Integrated Waveguides

The advances in the technology to make silicon devices is in-
creasingly used to make two-dimensional single-mode pho-
tonic components. Depending on the material parameters
(low or high index contrast) the dimensions of single-mode
waveguides are of the order of (larger or smaller than) 1um?.
Such single-mode waveguides are made by high-resolution
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Fig. 12 Slab waveguides with liquid-crystal. (a) influence of the liquid-crystal on the effective refractive index and (b) switching from one slab

waveguide to another by reorienting the liquid-crystal director
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Because the dimensions of the single-mode waveguides
are relatively small, there is an effect of the geometry on the
orientation of the liquid-crystal. When the materials prefer
parallel alignment of the liquid-crystal director, the director
will try to align itself with sharp ridges in the surface. In
this way, the director can be parallel to the two surfaces that
are intersecting in the ridge. In this way, the structure of the
layers influences the alignment.”’

In the silicon-on-insulator(SOI) technology, there is a
(high-index) silicon waveguide on a (low-index) silicon oxide
slab. The silicon waveguide is single mode for the 1550-nm
telecom band and has very low losses. In recent years, com-
ponents such as ring resonators, Bragg gratings, wavelength-
division multiplexers, and grating couplers have been pro-
duced with the SOI technology. Tuning of these devices
is rather difficult because electro-optical effects in silicon
are very small. Combining the SOI technology with elec-
trically addressed liquid-crystals makes it possible to tune
the wavelength of the photonic components over a relatively
large range with a small voltage. A silicon-on-insulator ridge
waveguide has a rectangular crosssection, with a thickness of
200 nm and a width on the order of 1 um. In Ref. 98 the in-
terferences in a Fabry—Perot cavity (formed by a straight
waveguide between two facets of the silicon) shift over
0.3 nm under influence of an applied ac voltage (10 V) over
the liquid-crystal.

Several groups have investigated the properties of SOI
microring resonators, covered by liquid-crystal. In the work
of Maune, the electric field is parallel with the plane of the
ring resonator. Here, a shift of 0.22 nm in the resonance fre-
quency for TE polarized light was obtained for a voltage of
10 V. The experimental finding by De Cort et al. of a 0.5-nm
shift for an electric field perpendicular to the ring-resonator
plane was confirmed by numerical simulations.”® A simi-
lar ring-resonator structure has been patented by Chigrinov
et al.'" Numerical FDTD simulations of SOI waveguides
with LC predict a shift in the resonance wavelength for TM
polarized light up to 38 nm.'"!

There is also work on waveguides that do not use silicon
as the core material. Silicon nitride with refractive index 1.67
can also be used for the core of the waveguide. The refractive
index contrast with the substrate and the liquid-crystal is then
smaller, and the waveguides have a width of 3 wm.'%% In this
paper, the waveguide contains a section with two modes
(symmetric and antisymmetric) that propagate at different
speeds. By switching the orientation of the LC overlay, the
two speeds are modified and the interference between the
two modes can be used to switch the light into one of two
exit ports. The waveguide core can be omitted altogether,
when the waveguide is formed by the liquid-crystal alone.
The principle of switching between two exit ports by using
a waveguide section with two modes has been demonstrated
in Ref. 103. In the experiments of d’Alessandro et al.!*,
V-grooves in silicon (covered with an oxide) are filled with
liquid-crystal, which can be switched under influence of a
voltage.

6 Lasing

In order to achieve lasing, there are basically two require-
ments. First, there must be a section in the device where
there is gain of light propagating through it. Second, there
must be a way to keep the light that is generated inside some
kind of cavity, so that the light that is generated remains in
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the cavity for a sufficient time. This can be achieved, for
example, by putting two mirrors at both sides of the gain
medium. If the optical fields in the gain medium become
large enough then stimulated emission can be achieved.

The role of liquid-crystals for lasing applications is
twofold. First, liquid-crystal can be used as a way to tune
the cavity length of an existing laser. Second, liquid-crystal
can play the role of gain medium and cavity at the same time.

6.1 Tuning Lasers with Liquid-Crystals

The wavelength at which one will obtain lasing is defined
by the fact that one round-trip of the light through the cavity
must result in a phase difference of 2mm, with m an integer.
Suppose that the cavity length is d and that the cavity is filled
with a material with refractive index n, the requirement for
the wavelength is A = 2nd/m. A liquid-crystal device can be
incorporated inside the cavity of an existing laser, as shown in
Fig. 13. By changing the orientation of the liquid-crystal, one
changes the effective cavity length of the laser (by changing
the refractive index of the liquid-crystal medium). In this way
the emission wavelength can be tuned, as long as the gain
medium has a gain spectrum that extends over the desired
wavelength range. This principle was demonstrated in Refs.
105 and 106 for the tuning of semiconductor lasers and in
Ref. 107 by putting the liquid-crystal on top of a vertical
cavity surface emitting laser.

Another way to tune the lasing characteristics is not to use
the LC device as a variable retarder, but as a filter or switch-
ing element. Changing the transmission of the LC device for
different wavelengths will promote lasing for certain wave-
lengths and increase losses for other wavelengths. In this
way, one can force the laser to lase at a certain wavelength
and different techniques have been reported in literature: by
using a LC tunable mirror,'®® by using the LC device as a
deflector in combination with a grating'® and by using a
photonic crystal fiber filled with LC.!'°

6.2 Liquid—Crystal Lasers

Chiral nematic liquid-crystals exhibit a uniform twisting of
the director along a certain direction, as shown in Fig. 14(a).
Because of the periodicity of the structure, there is a periodic
modulation of the refractive index and a one-dimensional
photonic stop band is created. Circularly polarized light with
either right or left handedness and with a wavelength that is

Mirror

\

Semiftransparent mirror

Gain medium LC device

Fig. 13 Gain medium in a cavity formed by two mirrors leads to

lasing. A liquid-crystal device in the cavity can be used to tune the
lasing characteristics.
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Fig. 14 (a) Transmission spectrum of a typical chiral LC cell. (b) One pitch of a chiral nematic liquid-crystal is shown along the vertical direction

is shown.

situated in the stop band is reflected, the other handedness is
not reflected, which gives rise to the transmission spectrum
in Fig. 14(b). This spectrum is recorded for a mixture of 54%
Cholesterylpelargonate (chiral LC) and 46% E7 (nematic LC
from Merck). The center wavelength A. of the stop band is
determined by the pitch P and the average refractive index
n of the LC as A, = nP. Changing the temperature leads to
a change in pitch, and this provides a simple way to visu-
alize temperature changes as the color of the reflected light
changes.

When light is generated inside the liquid-crystal with a
wavelength in the stop band, it is difficult for the light to exit
the cell along the direction of the pitch (at least for one cir-
cularly polarized component). This gives rise to a resonance
process for the light, similar to distributed feedback (DFB)
lasers. The generation of light is typically achieved by mixing
organic dyes in the LC. With this principle, the first demon-
stration of laser-light generation in dye-doped LCs was re-
ported by Ilchishin et al.''" in 1980. Two review articles give
a very nice overview of the work that has been carried out
in the last three decades on lasing in LC material.''>!!3 This
section only presents a very brief overview of the most im-
portant results. In most of the reported works on LC lasers,
band-edge lasers are investigated. This means that lasing oc-
curs at one of the two edges of the stop band, as in Fig. 14(b),
and the side with the longest wavelength offers the lowest
threshold. The fact that the lasing occurs preferentially at the
edge and not in the center of the stop band can be explained
in two ways. The first way is best understood by making an
analogy with the bandgap in semiconductor materials. In the
bandgap, no electrons can exist because the density of states
is zero. Most of the electrons are located near the edges of the
bandgap because the density of states is higher and because
of the Boltzman (actually, Fermi) statistics. For the LC laser,
it is similar: the highest density of states for the photonics
is located near the edges of the photonic stop band and thus
leads to a preferential wavelength for laser emission. An-
other way to understand this phenomenon is to consider the
theory for DFB lasers. A DFB laser consists of a periodic
grating, but in order to reduce the threshold drastically, it is
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required to include a defect with a A /4 shift in order to fulfill
the phase conditions. Introducing this defect leads to lasing
in the middle of the photonic bandgap; without this defect,
lasing occurs at a much higher threshold at the edges of the
bandgap. The latter is exactly what is happening in chiral LC
lasers.

Typically, a pulsed pump laser is used, which is injected
under a certain angle with the substrates. Laser light is gen-
erated along the helical pitch (i.e. perpendicular to the sub-
strates). The most important advantage of chiral LC lasers is
the possibility of tuning the laser wavelength. One obvious
way to is change the temperature of the LC cell, which affects
the pitch and thus the position of the photonic stop band.''*
By using a blend of several different dyes with a different
emission spectrum, a wide spectral range can be covered,'”
only limited by the wavelength of the pump laser, which
dictates the lowest possible wavelength. A big obstacle for
applications is the fact that pulsed lasers are necessary for the
laser action, and a large effort is spent to reduce the neces-
sary thresholds for lasing. Pumping with blue LEDs has been
reported, but there is still a long way to go to achieve CW
lasing.

Apart from temperature tuning of the wavelength, sev-
eral other mechanisms have been reported. Doping the LC
mixture with photoactive agents and illumination with UV
radiation may lead to a change in pitch length and thus a
change in wavelength.''%!!7 Voltage tuning may seem to be
an easy way, but it is not because an applied voltage will
cause a distortion of the helical structure and thus will pre-
vent lasing.!'® Therefore, one must resort to certain tricks
to achieve voltage tuning, such as negative dielectric chiral
materials''® or by using smectic LC.'*

Two other classes of liquid-crystal lasers can be identi-
fied in which there is no intrinsic chirality or periodicity in
the liquid-crystal. In random lasers, the random scattering
of the light in nematic liquid-crystals offers enough optical
feedback to start lasing, as demonstrated in a thick nematic
cell of 100 um thickness'?! and in a freely suspended film
of liquid-crystal.'*?> Another way to provide the periodicity
is to make holographic gratings in polymer-dispersed liquid-
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crystals. The grating can then be switched on and off by
applying a voltage and thus also the lasing.'?

7 Optical Nonlinearity: Spatial Solitons

When illuminating a material with a beam of a certain shape
and intensity, one expects that the same beam with the double
intensity will result in the same beam coming out the materi-
als but with the double intensity. This is the linear situation.
A simple example of a nonlinear situation is the effect of
second harmonic generation (SHG). At low optical power,
the outcoming beam will have the same wavelength as the in-
coming beam. At high powers however, the outcoming beam
will have a different wavelength, namely, half the wavelength
(or twice the frequency). Similar kinds of nonlinearities are
nowadays widely used in laser systems to generate light with
a particular wavelength. Backed by the commercial impor-
tance, the study of optical nonlinearities has become a large
scientific field in optics.

7.1 Nonlinear Effects

The same optical nonlinear effects in liquid-crystals exist as
in conventional materials, but many liquid-crystal-specific
nonlinearities exists that do not appear in other materials. A
very nice overview can be found in the works of Khoo’-1?*
and Simoni,'”* and in this review article, we will try to give
a basic overview.

7.1.1 Electronic Nonlinearities

The general relation between the electric displacement and
the electric field can be written as D = goE + P. The polar-
ization P arises from the fact that the electrons in the atoms
react to the fields of the electromagnetic wave. For a linear
isotropic material;

D = eoE + soxL.E = eoc E 4)

Roughly speaking, this is the case when the displacement
of the electrons reacts in a linear way to the force from the
optical electric field. For nonlinear materials, we can write the
total polarization as a sum of the linear polarization and the
nonlinear polarization P = gyx.E + Pyi. The polarization
is often expanded as a power series in E, and in general, it
can be written as:

Pi = eox; Ej + eoxi 0 Ej Ex + Xy E;ERE + -+ (5)

In Eq. (5), the susceptibility with index (1) is of course the
linear susceptibility and the rest are higher order suscepti-
bilities responsible for the nonlinear effects. Starting from
Maxwell’s equations, we can then find the wave equation for
nonlinear media;
5= 9’E 3% PaL
v E—SOSMOW =M (6)
Susceptibilities of orders higher than 2 or 3 are hardly ever
used. The light powers that are needed to generate nonlinear-
ities with x® or x® are already very high so that often only
pulsed lasers can generate an intensity that is large enough.
In the following subsections, two very well-known effects
are described that use either the x® or the x® nonlinearity.
Second harmonic generation x®. SHG occurs in mate-
rials with a nonzero x®. If we assume that the optical fields
are scalar and can be written as E = A cos[wt — k(w)z], then
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the nonlinear polarization can be written as:

Pa = gox P A% cos? [wt — k(w)z]

A2 A2
= 80)((2)7 cos 2ot — 2k(w)z] + gox(z)?. @)

From Eq. (7) we can see that there are actually two source
terms for the generation of electric fields with different fre-
quencies than w. There is a term with the double frequency
2w and one with zero frequency. The first one is of course
the one that is responsible for the SHG. To generate light
with the double frequency with an acceptable efficiency, it
is required to have phase matching, but this will lead us too
far, thus we refer the reader to one of the numerous books
on optical nonlinearity. Only noncentrosymmetric materials
have a nonzero @, which means that SHG does not occur in
nematic LC, except at the surfaces where the molecules can
be ordered in a polar way.'?® Various smectic phases are non-
centrosymmetric and allow for a very high x® coefficient.'?’

Kerr nonlinearity x®. The Kerr effect occurs in media
that have a nonzero x ®. If the nonlinear polarization has the
form Pyi, = gox @ E3, then we can write

Pn = 80)((3)143 cos® [wt — k(w)z] = sox(S)A3
3 1
X {4_1 cos [wt — k(w)z] —1—1 cos [3wt — 3k(w)z]} .

®)

We can see that two frequencies are generated: w and
3w. For the Kerr effect, the frequency 3w is of no im-
portance; thus, we neglect this component and rewrite the
total polarization as P = o [x" + 3 x®A?] E. From this
equation it is clear that we can define a new susceptibility
x = xO+ % x® A? and subsequently also a new refractive
index

3
=1+ =,/nd+ ZX(3)A2
3,0

3
~no+ = x VB =no+
8]’1()

1 9
8nleoc ®

n' =ng+nl. (10)

This new refractive index is dependent on the intensity
of the light and describes the nonlinear optical Kerr effect.
This is a nonlinearity that can simply be described by an
index of refraction that is linearly dependent on the intensity
of the light, and n, can be either positive or negative. The
value for n; in fused silica used in optical fibers, is positive
and ~ 3x107'% cm?/W.!28 Let us make a simple calculation
to illustrate this value. To achieve an index change of 10~°
in an optical fiber where the light is confined in a circular
region of 4 um diam, an optical power of ~2.5 kW is needed.
These are values that can only be achieved with pulsed lasers.
The liquid CS; has an n, coefficient, which is much higher
3x10~“cm?/W, but still the required powers are very high
and hardly achievable with continuous-wave lasers.

7.1.2 Thermal and Density Effects

Basically, three mechanisms can be distinguished when we
speak about thermal nonlinearity: density effects due to
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Fig. 15 Evolution of the refractive indices of a nematic liquid-crystal
in function of the temperature.

electrostriction, density effect due to heating, and changes
in the order-parameter due to heating. But only the last phe-
nomenon is specific to LCs, which is the reason why we
restrict ourselves to this effect.

The order parameter of a liquid-crystal is a way to ex-
press how well the individual molecules in the liquid-crystal
are aligned. An order parameter equal to 1 means that all
molecules are perfectly aligned along one direction. A value
of zero means that the molecules are randomly oriented and
the material is thus macroscopically isotropic. Typical ne-
matic liquid-crystals have an order parameter of 0.4-0.7, and
this value drops to zero when reaching the clearing tempera-
ture (i.e., the temperature at which the liquid-crystal becomes
an isotropic fluid). Figure 15 shows the evolution of the re-
fractive indices as a function of the temperature, and the
variation in refractive index is mainly due to order-parameter
variations. When launching a laser beam in the liquid-crystal,
the material heats. For a polarization parallel to the director,
the refractive index will decrease, Whereas a polarization
perpendicular to the director will see an increase in refrac-
tive index. This corresponds to respectively a self-defocusing
and a self-focusing nonlinearity.

7.1.3 Reorientational Nonlinearity

Similar to the reorientation of the director by a static electric
field (as explained in Sec. 2.3), it is also possible to reorient
the director by an optical electric field. The same equations
for the static situation are valid here. Because the complex
notation for the optical fields are often used in wave prop-
agation, we account for the possibility of having complex
field components and, therefore, in the next formulas E* will
appear, which means that we take the complex conjugate of
E. The optical energy per volume unit can be written as

F°=—

€0 4
—?El (8L8ij + ASL,’LJ‘)EJ'

_ Ae _ _ _
= 5% B By — 802 (L.E*VL.E)
£0€1 = eolAe - _
=-= |E|> — 5 |L.E|%. (11)

Only the last term that contains the director orientation is
important for the calculation of the director orientation. Sup-
pose that the orientation of the electric field and the director
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make an angle /2 — 6, then this energy can be written as

&0

A _
Fo = _TE sin20|E 2, (12)

and the torque has the following value

[° = gyAesin6 cosb|E|>. (13)

This torque tries to rotate the molecules so that they are
aligned along the electric field. Equation (13) shows that the
reorientation is only dependent on the squared amplitude of
the electric field. The sign of the electric field does not play a
role. Thus, for the calculation, it is similar whether we work
with dc fields, ac fields, or optical fields; only the values
for Ae should be adapted according to the frequency of the
electric field. This nonlinearity is huge compared to typical
electronic nonlinearities with an equivalent Kerr coefficient
on the order of 10~* cm?/W. Typical Kerr coefficients for
glass are in the order of 10716 cm?/W.

Next to the reorientation effect in the nematic phase,
reorientation also occurs in the isotropic phase, but the non-
linearity is several order of magnitude smaller than the re-
orientation in the nematic phase. In the isotropic phase, the
liquid-crystal molecules are randomly oriented but tend to
align their highest polarizability tensor component along the
optical electric field, which results in some degree of pre-
ferred orientation. Also, in conventional liquids, this reorien-
tation effect occurs. The best example is the widely used fluid
CS; in nonlinear optics, which has an equivalent 7, nonlin-
ear coefficient of 3x 10~ cm?/W. However, in the isotropic
phase of the liquid-crystal, there are molecular correlations
but, because the temperature is too high, no ordering appears.
However, these molecular interactions help to increase the
nonlinearity and the nonlinear coefficient near the clearing
temperature varies as 1/(T — T*). For 6CB for example, a
nonlinear coefficient 7, &~ 6x10~!* ¢cm?/W was found,'?
which is more than one order higher than the value for CS,.
The drawback is that the response time of this effect is in the
order of 10 ns instead of a few picoseconds.

7.1.4 Dye Enhanced Nonlinearity

During the last two decades, different photosensitive dyes
or molecular dopants have been added to the liquid-crystal
material in order to enhance the nonlinearity. The different
authors of articles on this topic have surpassed one another,
not only in the reported nonlinear coefficients (ranging from
1073 to 1000 cm?/W), but even more in the superlatives that
were used to describe the value this coefficient (ranging from
giant, huge, ..., all the way to colossal. One of the common
ways to enhance the nonlinearity is to dope the liquid-crystal
with the dye methyl-red. The way that the increase in non-
linearity is explained is that the reorientational torque of the
optical electric field is enhanced by the dye, as explained in
the paper of Janossy.'3° But the exact physical mechanism
was, a few years ago, still a topic of debate, and the role of
the surfaces of the LC cell might be an important factor in
the mechanism. 31132

Another way to obtain very high nonlinearity—for which
the mechanism is quite well understood—is to use azoben-
zene LC. The LC molecules is similar to regular nematic
LC molecules, such as SCB, but they contain an azobenzene
group (see Fig. 16). The azobenzene group undergoes trans-
cis isomerization under influence of light and temperature. In
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Fig. 16 Azobenzene nematic liquid-crystal with a very similar struc-
ture as 5CB.

the trans state, the material is nematic because the molecule
has an elongated shape. From a certain concentration of cis-
state molecules, the material loses its liquid-crystalline prop-
erties and becomes isotropic. It is clear that the influence of
the trans-cis isomerization on the order parameter (and hence
also the refractive index) is a strong effect that can even hap-
pen in quite fast time scales (on the order of nanoseconds'3?).

7.2 Two-Beam Coupling

If we consider a light beam propagating with an angle ¢ with
respect to the z-axis, then electric field can be described by
E(x,z) = Eq exp(—jk.F) with k = ko(cos p1, + sing1,).
Suppose that another beam propagates with an angle —¢
with respect to the z-axis with the same linear polarization
as the other beam. Then, if both beams coincide at position
z = 0, a sinusoidal variation occurs in the beam amplitude
at this position: 2E(x, 0) = Eq cos(k,x), with k, = k sin ¢.
The period of the amplitude modulation is given by A/ sin ¢
and the period of the intensity modulation by A /2 sin ¢. If
the medium that is present at z = 0 is linear and uniform,
then further propagation of the two beams is unaffected and
two spots are visible in the diffraction pattern. Suppose that
the medium is uniform but nonlinear, then the refractive in-
dex in the z = 0 plane is modulated in a periodic way. This
modulation leads to additional diffraction spots. In literature
different authors use different names for this effect, such
as photorefractive two-beam coupling or holographic grat-
ing formation, but in principle, the underlying physics is the
same. This nonlinear effect has a variety of applications,
ranging from data storage, hologram recording, and optical
interconnections to beam combining.

The research field is very active, and again, it is impossible
to give a full overview in this review article. In pure nematic
liquid-crystals the nonlinearity is rather small and quite high
laser powers are necessary.'>* Quite a great deal of effort
is spent in order to increase the nonlinear coefficient and
to reduce the necessary optical powers. Pure nematic LC in
combination with a layer of photoconductive material can
be used,'® fullerene C60-doped liquid-crystals,'3® 137 dye
doped liquid-crystals'®*13% and in the last few years, quite a
lot of attention went to the use of ferroelectric nanoparticles
in order to improve nonlinearity.'4’

7.3 Solitons

Solitary waves have been the subject of intense studies
in many fields, including hydrodynamics, nonlinear optics,
plasma physics, etc. Historically, it is assumed that the first
solitary wave was reported by James Scott Russell in 1844.
He observed a wave in a narrow channel of water that prop-
agated fast along the channel and the original shape of this
wave did not change along the propagation. Only after a long
distance did the wave disappear. It was in the 1960s that
the term “soliton” was proposed because of the particlelike
nature of these solitary waves. Indeed, after collision with
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Fig. 17 Schematic illustration of the lens analogy for spatial solitons.
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each other, these solitary waves remained intact. In optics, it
is common to use the two terms as synonyms, although this
is not completely correct. For a good overview on optical
solitons, refer to Refs. 141 and 142.

To understand the generation of spatial solitons, one
should keep in mind that every optical beam of finite size
diffracts in a uniform medium. Consider Fig. 17 for a better
understanding. A diffracting beam after some propagation
distance will be smeared out, the maximum intensity drops
down, and the width increases. Diffraction thus acts as a
concave lens, because the output phase front will have also
changed as it passed through a concave lens. This diffraction
can be counteracted when the medium has a higher index of
refraction near the center of the beam. This higher index of
refraction can be due to a nonlinear self-focusing effect, such
as the Kerr nonlinearity. This nonlinear effect thus acts as a
convex lens, and the beam width will narrow. When the two
effects are balanced and the phase front of the beam remains
plane, the beam will propagate without change in shape or
intensity and a spatial optical soliton is formed.

In essence, this means that the beam creates its own
waveguide and the beam is a spatial soliton when it is a
mode of its own induced waveguide.'* In this way, we can
also call a spatial soliton a self-induced waveguide. This in-
duced waveguide is in turn, able to guide a second low-power
probe beam. It is thus a real waveguide. The only difference
is the origin and the fact that it disappears when the light
disappears.

Spatial solitons in nematic liquid-crystals are often re-
ferred to as “nematicons” as first proposed by Assanto
etal.'* The generation of nematicons has been demonstrated
with different types of optical nonlinearities: reorientational,
thermal and azobenzene LC nonlinearity.

The reorientational nonlinearity in LCs is always of the
self-focusing type, and some of the first results on soli-
ton generation with this effect have been demonstrated by
Karpierz et al.'*> and Peccianti et al.'* after which many
publications were devoted to further investigation of the
soliton-generation mechanism.'#:147-153 One of the easiest
configurations to understand, the soliton generation is the
configuration for which the liquid-crystal is aligned uni-
formly, making an angle of 45 deg with respect to both the
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Fig. 18 Distribution of the director angle in a cell with uniform orien-
tation of 45 deg. A Gaussian beam of 3 um waist with an electric field
along the y direction reorients the director.

propagation direction of the light and the electric field. The
optical electric field reorients the director not only exactly
at the position of the light beam, but in a much larger area,
caused by the elastic forces between the LC molecules, as
shown in Fig. 18. The area or reorientation is much larger than
the beam width,!>*1%¢ and in nonlinear optics, one speaks
about a highly nonlocal nonlinearity. The high nonlocality
is advantageous because this effect leads to highly stable
solitons.'>” The propagation of the Gaussian beam is visu-
alized in Fig. 19 by means of a numerical model."*° It is
clearly visible that, for low optical power, the beam width
increases along the propagation direction, while an optical
power of 3.5 mW leads to a well-confined beam profile along
the propagation direction. Note that there is a slight walk-off
angle due to the anisotropy of the LC.'3%15° Also in polymer-
stabilized liquid crystal, the generation of spatial solitons has
been reported. '’

Thermal solitons rely on the fact that the ordinary in-
dex of refraction increases with temperature, as shown in
Fig. 15. The optical beam is heating the cell that gives rise

10f
£ o
>
-10¢ ‘ , ;
0 50 100 150 200
(b) z (um)

Fig. 19 Propagation of a Gaussian beam of 3 um waist in a cell with
(a) 45 deg orientation of the director for no nonlinearity and (b) for
3.5 -mW optical power.
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to a certain temperature profile. Usually, an absorbing dye is
mixed with the LC in order to facilitate the thermal effect.
In this way, soliton generation is possible for a few milli-
watts of optical power, similar to the reorientational solitons.
The temperature profile is governed by a diffusion equa-
tion, and the nonlinearity is thus again highly nonlocal.'¢!-163
Azobenzene liquid-crystals are very sensitive to light of cer-
tain wavelength. An optical beam in the green spectrum gives
rise to an increase of cis-molecules in the solution, while a
red laser beam gives rise to an increase in transmolecules.
When the polarization of light is parallel to the director and a
red laser beam is used, one thus obtains a positive nonlinear-
ity or self-focusing and a spatial soliton can be generated.'®*
The necessary optical power is on the order of tens of mi-
crowatts. Because there is a continuous diffusion and genera-
tion of transmolecules, the solitons are not completely stable
in time. A possible advantage of working with azobenzene
LCs is that the cis-transisomerization process can be very
fast, on the order of nanoseconds.!3?

The main applications of spatial solitons are in the do-
main of reconfigurable optical interconnects. It is possible to
steer or switch the solitons by means of interaction with other
light beams!%>1% or by using an applied electric field.'®” An
important phenomenon is the attraction between two soliton
beams due to the high nonlocality. Not only do two soli-
tons propagating in the same direction attract each other,'®®
counterpropagating solitons also attract and even merge if
the distance and angle mismatch are not too large. Guiding
light from one fiber into the other with the help of soliton
attraction was shown in Ref. 162, proving the possibility of
making optical interconnects with less stringent mechanical
accuracy. In Ref. 169 it was demonstrated that a the self-
induced waveguide created by the soliton can be succesfully
used to enhance the recovery of fluorescent light. But prob-
ably the most important merit of nematicons is that several
nonlinear optical phenomena can be investigated without the
need for high peak-power pulsed laser sources, such as mod-
ulation instability!”%"'72 and discrete solitons.!”3

8 Conclusions and Outlook

The breakthrough of liquid-crystal devices during the past
two decades is remarkable. Next to liquid-crystal displays,
which have led to a new era in the mobile and display mar-
ket segment, the excellent electro-optic properties of liquid-
crystals have been widely applied to design tunable pho-
tonic components. This review has given a broad overview
of these recent applications, which range from optical filters
and switches to spatial light modulators, waveguide-based
devices and applications employing the strong optical nonlin-
earity of liquid-crystals. In the future, new opportunities cer-
tainly arise from the rich behavior of polymerizable liquid-
crystals and the stabilization of liquid-crystal blue phases
with their unique properties over a wide temperature range.
Other fascinating routes are to control the creation of defects
in nematic liquid-crystals (induced electrically or by structure
features), which may allow the development of new bistable
devices, or the inclusion of nanoparticles, which are dielec-
tric, ferroelectric, or magnetic to improve LC properties. Ob-
viously, the fascinating research field of liquid-crystal-based
photonic applications is rapidly evolving and the emerging
devices are likely to become key components to perform
manipulation of light.
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