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ABSTRACT

This review presents the main results that were achieved over the past decade in the new field of
liquid-crystal micro-photonics. After a general introduction to some aspects of state-of-the-art micro-
photonics technologies, nematic colloids are discussed in terms of their self-assembly and photonic
properties. Liquid-crystal lasers, based on spatially periodic, liquid-crystal phases, are reviewed, and
microlasers based on liquid-crystal microdroplets are presented and discussed. We show that optical
microfibres can be self-grown in water/liquid-crystal dispersions and present their waveguiding and
lasing properties. The review concludes with a discussion of the resonant transfer of light across
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different liquid-crystal micro-objects and presents the ultra-fast optical Kerr and STED effects in bulk

nematic liquid crystals.

1. Introduction to photonics and photonic
crystals

The term “photonics” was coined in the article by
Yablonovitch and Gmitter entitled “Photonic band struc-
ture: The face-centred-cubic case”, published in Physical
Review Letters in 1981.[1] They introduced the new term
“photonic band-gap material” in clear reference to the
band-gap structure of the electron energy levels found
in solid crystals. It was earlier realised by Yablonovitch
and Sajeev John [2,3] that when considering light propa-
gation in optical 3D periodic structures, similar concepts
must be applied to photons as to electrons. Therefore, the
concept of the Brillouin zone in reciprocal k - space has
to be introduced because of the periodicity of the dielec-
tric function &(7) of the material in 3D. From this it is
clear that the corresponding energy levels for the photons
should have a band-like structure, which is a direct con-
sequence of the structural periodicity of the material, as
shown schematically in Figure 1. At the time when this
work was published, the concept of the photonic band
gap was already known and applied in many technical
devices, such as the Fabry-Pérot cavities for lasers and
interference filters.

In liquid crystals the concept of a photonic band
gap was also very well known from the optics of
cholesteric [4] and chiral ferroelectric liquid crystals.[5]
In a cholesteric (chiral nematic) liquid crystal, the dielec-
tric tensor &(7) is periodic along the direction of the
helical axis. When considering the solution of the wave

equation describing the propagation of electromagnetic
waves along the helical axis, we find an interval of fre-
quencies without solutions for any wave vector k.[4,5]
This means that a monochromatic light wave with a fre-
quency o within this interval cannot propagate along the
helical axis of the cholesteric. This has an important con-
sequence for the reflection properties of such a material.
If light with a frequency within the forbidden frequency
interval incidents from an external isotropic medium
onto a cholesteric liquid crystal, it will be totally reflected
at the interface because it cannot propagate inside the
medium. The cholesteric liquid crystal therefore acts as
a photonic mirror, which properly reflects the circularly
polarised light with a frequency in the forbidden gap.
The introduction of photonic structures in two and
three dimensions [1] immediately generated huge inter-
est from the optics community for one simple reason:
since the photonic structures act as perfect and lossless
materials, they can be used in properly designed struc-
tures to guide and re-direct light. Using photonic struc-
tures, it is therefore possible, in principle, to construct
photonic waveguides, optical microcavities, microlasers
and modulators for optical communications and infor-
mation management. This invention initiated a com-
pletely new direction in optical micro-engineering, the
goal of which is to design and manufacture photonic ana-
logues of micro-electronic integrated circuits, in which
the flow of electrons will be replaced by a flow of photons
and which will be controlled by photons. The ultimate
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Figure 1. (a) A photonic crystal is a 3D arrangement of dielectric objects with their mutual separation of the order of the wavelength of
the light of interest. (b) The dispersion relation for light propagating in such a crystal is periodic in reciprocal space. It exhibits forbidden
gaps, where no light with a frequency within this forbidden region can propagate. Image courtesy of E. Zupanic.

aim, therefore, is a future technological platform that
will complement, and in many cases replace, micro-
electronics as we know it today. The importance of such a
technological platform is obvious: one of the foundations
of our society is the exchange of information, which has
expanded over the past 20 years to the point where it has
become vital, and is expected to become even more so
in our future development. The ever-increasing demands
for sharing more information on a worldwide scale have
produced serious bottlenecks in information manage-
ment. The existing infrastructure for managing the flow
of information along photonic networks is far from opti-
mal, and costly in terms of energy, thereby limiting the
speed of the signal’s propagation.

The early stages of research on photonic crystals
involved studying colloidal assemblies of photonic crys-
tals in water dispersions with a directed assembly on pat-
terned surfaces,[6] electron-beam microlithography,[7]
optoelectronic tweezing of colloids,[8] DNA-assisted col-
loidal assembly [9] and two-photon polymerisation.[10]
Today, we are witnessing the realisation of these ideas
in numerous industrial photonic roadmaps, predomi-
nantly based on silicon platforms that will merge the
photonic large-scale integration technologies with elec-
tronic large-scale integration. A new photonic technol-
ogy is currently being developed on solid-state platforms,
which are based on the well-known and highly developed
technology of micro-electronic devices, two examples of
which [11,12] are shown in Figure 2. Efforts are now
being directed towards the development of solid-state
integrated photonic devices, which could be used to gen-
erate and control the flow of photons on the microscale —
and even the nanoscale - by using plasmonic materials.
In these devices, photonic crystals are the basic foun-
dation elements; they are used to control and direct the

flow of light, and different methods of fabrication have
already been investigated. The first application will most
probably be the very fast, on-chip distribution of digital
information via photonic highways and photonic floors
embedded in standard silicon integrated circuitry in our
personal computers.

However, the main drawbacks of solid-state materials
for photonic applications are the maturity of the field and
its inability to generate a genuine breakthrough for future
photonic architectures. The reason for this is that it is dif-
ficult, time consuming and expensive to produce truly
3D photonic structures from solid-state materials.[13]
Furthermore, the solid state is inherently unable to self-
assemble, and it is very challenging to make the surfaces
of solid materials smooth enough to reduce the optical
losses. The active elements of solid-state photonics are
based on electric-charge injection, which results in a high
power dissipation, limited frequency response and dif-
ficulties in implementing the all-optical control of light
by light. In view of the maturity of the field and of the
saturation of concepts lacking breakthrough ideas, only
incremental advancements of solid-state photonics are
likely in the future. There is a clear need for conceptually
new ideas and new technological foundations.

While soft matter is an inherently poor electrical con-
ductor and therefore not suitable for electrical applica-
tions, it is an excellent optical material, which is sur-
prisingly robust, capable of self-repairing, healing and
self-assembling in fascinatingly complex photonic archi-
tectures, as is evident in modern liquid-crystal displays,
for example. This has led to the idea [14,15] that we could
use liquid crystals and soft matter in general, to design
and construct photonic integrated devices made entirely
of soft matter. With this aim in mind, dispersions of silica
microcolloids in nematic liquid crystals were first used



(@)

p-contact

n-contact

(b)

LIQUID CRYSTALS REVIEWS 3

(©)

Figure 2. Microphotonic structures based on photonic crystal concepts. (a) Schematic of an electrically pumped photonic-crystal laser.
The p-type doping region is indicated in red, and the n-type region in blue. The width of the intrinsic region is narrow in the cavity region
to direct the current flow to the active region of the laser. (b) Modified three-hole defect photonic-crystal cavity design (top) and a finite-
difference time-domain method simulation of the E-field of the cavity mode in such a structure (bottom). Reprinted by permission of
Macmillan Publishers Ltd: Nature Photonics [11] copyright (2011). (c) Schematic of a CdS/CdSe core/shell nanowire facing two different
straight-line-defect waveguides. The upper waveguide is designed to guide the red light and to filter out the green light, whereas the
lower waveguide is designed to guide the green light and to filter out the red light. Reprinted by permission of Macmillan Publishers Ltd:

Nature Photonics, Ref. [12], copyright (2008).

to assemble a variety of colloidal photonic crystals in 1D,
2D and 3D. Later, it was realised that dispersions of lig-
uid crystals in immiscible carrier fluids offer a fascinating
variety of self-assembled microdroplets and microfibres
that operate as optical microresonators, microlasers and
optical waveguides. Using colloidal assembly, these fluid
micro-elements can be further assembled on a larger
hierarchical level into all-fluid optical microcircuits.

The purpose of this review is to provide an overview
of the ideas, experiments and results, all of which support
the conjecture that it is possible to produce real, func-
tioning photonic devices based exclusively on soft matter,
including liquid crystals.

2. Photonic structures assembled from nematic
colloids

The first evidence for the self-organisation of colloidal
particles in a nematic liquid crystal was reported by
Cladis, Pieranski and Rault,[16,17] who decorated the
free surface of a nematic liquid crystal with small bubbles.
They observed the spontaneous organisation of these
bubbles into regular chains that were following the overall
molecular orientation at the surface of the liquid crystal.
A similar example of surface patterning by incorporat-
ing glycerol microdroplets is shown in Figure 3, where
the small droplets are floating at the free surface of a
nematic liquid crystal. This spontaneous chaining of for-
eign particles in liquid crystals is clear evidence of a new

Figure 3. Decoration of the free surface of a nematic liquid
crystal with small glycerol droplets that spontaneously assem-
ble into chains. This chaining is clear evidence for a force
between the droplets. These forces are due to the elastic dis-
tortion of the nematic liquid crystal, which aligns along the
closed surface of each glycerol droplet. Image courtesy of V. S. R.
Jampani.

type of force between the colloidal inclusions in liquid
crystals.

Whereas the decoration of liquid-crystal surfaces with
foreign particles is a practical method for visualising the
director field, the first study of the forces between the
inclusions of nematic liquid crystals was performed by
Poulin et al.[18] They were studying dispersions of water
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in nematic liquid crystals and observed the spontaneous
chaining and stabilisation of individual water droplets.

It was observed that each pair of droplets was sepa-
rated by a topological point defect. The presence of this
defect is crucial for the stability of the water chains in
nematic liquid crystals and prevents their coalescence.
The stability of the chains of particles also demonstrates
the strength of the force exerted by the nematic liquid
crystal on the colloidal particles. This pair-interaction
force obviously exceeds the forces due to the thermal
motion of the fluid and the pair-binding energy is much
stronger than the thermal energy kg T.

The spontaneous chaining of the colloidal particles in
nematic liquid crystals remained unexplored for nearly a
decade, because there were no techniques for the non-
contact manipulation of each colloidal particle in the
liquid crystal or for studying their interactions. How-
ever, the year 2000 saw the technique of laser tweezers
being introduced to liquid crystals as a new and pow-
erful tool for the controlled manipulation of colloidal
particles in liquid crystals.[19-24] It was shown that the
laser tweezers could trap and move practically any kind
of micrometre-sized particle in the nematic liquid crys-
tal using light. Using these laser tweezers, it was possible
to study and measure the forces and interactions between
a pair of particles and to explore and understand the role
of the different topological defects that are responsible for
the colloidal interactions in nematic liquid crystals.

The nature of the force between colloidal particles in a
nematic liquid crystal has its origin in the orientation of
the liquid-crystal molecules at the surface of each parti-
cle. Because this is a closed surface and the molecules are
forced to align equally at all points on the surface, there
is a frustration of the liquid crystal as it tries to fill the
space with liquid-crystal molecules. It turns out that this
is impossible without creating topological defects in the
vicinity of the included particle. These defects appear in
the form of points accompanying the colloidal particle
or small loops encircling them, and besides topologi-
cal defects, the colloidal inclusion is surrounded by a
large area of elastically distorted liquid crystal. When two
colloidal particles are brought together, each of them car-
rying this elastically distorted liquid crystal, their regions
start to overlap. As a result of this overlapping, the total
free energy of the colloidal pair depends on their sep-
aration. This means that a force is generated between
the colloidal particles, which is elastic in origin and is
responsible for the self-organisation of nematic colloids.
Remember that a generalised force between two particles
is a negative derivative of the total free energy of the pair
with respect to their separation.

Depending on the type of surface ordering, spherical
microparticles in nematic liquid crystals exhibit different

topological defects. For perpendicular surface anchor-
ing, there are two kinds of possible defects, i.e., points
and rings, and they are accompanied by different elas-
tic distortions, called the dipolar and quadrupolar elastic
distortions. The pair interaction depends on the symme-
try of this elastically distorted region and allows for the
self-assembly or directed assembly of colloidal particles
into linear or kinked chains, or 2D dipolar and quadrupo-
lar colloidal crystals,[25-29] as shown in Figure 4(a)-(d).
These colloidal structures resemble the photonic crys-
talline structures shown in Figure 2(a)-(c).

All these photonic-like colloidal structures were
assembled with the use of laser tweezers. Once assem-
bled, they are perfectly stable, since the pair-binding
energy exceeds thousands of kg T energy per micrometre-
diameter colloidal particle. In all the above-mentioned
cases, the binding forces are generated by topological
defects, which are singularities of the order parame-
ter field. These forces are of long range with a power-
law decay, generating structural forces that are able to
bind even nanometre-sized particles, as demonstrated
recently.[30] This means that building a photonic circuits
for optical or infrared wavelengths is both realistic and
technologically feasible. The required photonic crystal-
lattice periodicity is, for this purpose, of the order of
500 nm and typically 100-nm-diameter particles should
constitute these photonic structures. The colloidal forces
in nematic colloids not only provide the assembly of 2D
photonic-like structures, as it was demonstrated recently
that 3D nematic colloidal crystals could be assembled as
well.[31] An example of the assembly of a 3D nematic
colloidal crystal is shown in Figure 5(a). In consecutive
images it is clear how the laser tweezers (indicated by
a tiny red cross) are used to pull together prefabricated
blocks of colloidal crystals, floating in the nematic lig-
uid crystal. Once they are brought close enough (panel 3
of Figure 5(a)), these two blocks spontaneously assemble
into a perfectly aligned 3D crystal. The crystal struc-
ture is represented in Figure 5(b), revealing the tetragonal
symmetry of the unit cell.

Point and loop defects are not the only sources of
colloidal pair interaction in nematic liquid crystals. It
was as a surprise when the laser tweezers were used to
quench a small area of a nematic liquid crystal contain-
ing silica particles from the isotropic phase and novel
colloidal structures were observed when this quenched
region cooled down into the nematic liquid crystal.[32]
As already mentioned, topological defects in the form
of singular loops surrounding the colloidal particle were
known (Saturn ring, Ref. [33,34]), but it was unexpected
to find that a single defect loop could extend over several
colloidal particles, forming a tightly entangled colloidal
pair. Numerical simulations based on the Landau-de
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Figure 4. (a) 1D chains of dipolar colloidal particles, and a kinked chain (b), made up of quadrupolar particles. 2D nematic colloidal
crystals assembled from dipolar colloidal particles (c), quadrupolar colloidal particles (d) or a mixture of both (f). (e) Hierarchical col-
loidal structures are formed in a mixture of small and large colloidal particles, where smaller particles are trapped into the defect lines

surrounding the larger particles.

Gennes theory predicted such entangled states [32,35,36]
and three topologically different entangled structures
were identified in planar nematic cells filled with non-
chiral nematic liquid crystal.

The entanglement of colloidal particles by the topo-
logical defect loops is a fundamentally different phe-
nomenon from dipolar or quadrupolar interactions,
because sharing the same topological defect loop gives
rise to a force between the entangled colloids. The entan-
glement provides a strong, string-like force between the
colloidal particles, and the interaction is nearly an order
of magnitude stronger than the dipolar colloidal inter-
action. Colloidal entanglement is a topologically inter-
esting phenomenon and is particularly rich in chiral

nematic colloids. Tkalec et al. [37] found that chiral
nematic liquid-crystal (CNLC) colloids could be entan-
gled to form knots and links, spanned on the scaffold of
colloidal particles. Knots and links in chiral nematic col-
loids are two of very few examples of the realisation of
these abstract objects in the real world, and were origi-
nally reported in chiral nematic liquid crystals by Bouli-
gand in 1974.[38] Recently, knots and links have also
been observed in highly chiral nematic colloids,[39] with
the helical pitch comparable to the colloidal diameter.
Whereas knotted and linked chiral nematic colloids are
primarily interesting because of their rich topology, they
might also be interesting for future photonic applications,
mixing the topology of matter and the light field.
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Figure 5. (a) Laser-tweezers assembly of a 3D dipolar colloidal crystal observed under crossed polarisers. Colloidal blocks of 2 x 6 x 3
and 4 x 6 x 3 particles assemble into the final 6 x 6 x 3 dipolar colloidal crystal. The assembly during the initial stage was guided by
the laser tweezers until the blocks started to attract themselves. In all the images, the small red dot is the optical trap, used to direct
the colloidal assembly. (b) 3D representation of the fluorescence confocal polarised microscopy image of a 6 x 6 x 3 three-dimensional
dipolar colloidal crystal, revealing the tetragonal symmetry of the unit cell (image courtesy of A. Nych).

3. Lasers based on the photonic properties of
periodic liquid-crystal phases

Many liquid-crystalline phases exhibit vivid colours of
reflected light when illuminated by white light. An exam-
ple is the well-known CNLC phase (cholesteric), where
the colour of the reflected light is directly related to the
helical organisation of the liquid-crystal molecules in
this phase. The optical properties of chiral nematic lig-
uid crystals were thoroughly studied in the past, and
we understand that they are due to the spatial periodic

organisation of chiral liquid-crystalline phases. In a spa-
tially periodic liquid-crystal structure, the colour and
polarisation of the reflected light are caused by the pho-
tonic band structure of the dispersion relation for light
propagating along the helical axis of this phase. The
CNLC phase forms a 1D photonic structure with a band
gap centred on the wavelength that is directly related to
the inverse helical pitch of this phase (see Figure 6(a)).
This band gap exists only for light that is circularly
polarised and has the same sense of rotation as the helical
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Figure 6. Structure and photonic band-gap properties of different liquid-crystal phases. (a) Chiral nematic. (b) Chiral smectic. (c) Blue
phase. The structure of the director field is shown for each phase on the left-side panels. The transmission spectrum for white light of
each phase is shown in the middle panels. The micrographs of the texture between the crossed polarisers are shown on the right-side
panels. In blue phases the double-twist cylinders form a 3D regular array of defects, which gives rise to Bragg reflections. Reprinted by
permission of Macmillan Publishers Ltd: Nature Photonics (reference [40]), copyright (2010).

structure. A similar 1D photonic structure is observed in
the chiral smectic C* liquid-crystal phase, where the band
gap appears for the same reason as in the CNLC phase
(Figure 6(b)). In both cases, the helical organisation of the
phase is directly related to the chirality of the molecules
constituting the phase. In both cases, the helical organ-
isation of the molecules causes a spatially varying index
of refraction, which gives rise to Bragg reflections for the
light propagating along the helix. This structural period-
icity, which is a consequence of the molecular chirality,
is therefore responsible for the onset of the photonic
band gap and the wavelength-dependent reflection coef-
ficient. A similar phenomenon of the photonic band gap
is observed for the blue phases I and IT, which exhibita 3D
periodic structure. In these phases, an incomplete pho-
tonic band gap exists for the light propagation in each of
the three dimensions, as shown in Figure 6(c).

A spatially periodic liquid-crystal phase that pos-
sesses a photonic band gap is an essential ingredient for
lasers based on liquid crystals. In liquid-crystal lasers,

the spatially modulated structure provides an optical
resonator, where the resonances are due to the spatial
periodicity of the structure. In addition to having an
optical resonator, which provides multiple passes of light
through the resonator, by Bragg reflection an optical gain
material has to be added to the resonator to amplify the
light. In such a complex structure, there are two impor-
tant physical mechanisms taking place when light with
a given frequency is travelling along the direction of the
spatial modulation. If the frequency of the light is within
the forbidden frequency gap of the structure, the light will
be Bragg-reflected back and forth within the resonator.
However, if dye molecules are added and uniformly dis-
tributed within this spatially periodic structure, the light
can be amplified by the process of stimulated emission.
In order for this process to take place, the dye molecules
must first be excited into higher electron energy lev-
els, which involves illuminating the resonator with dye
molecules using short light pulses. When these molecules
emit fluorescent photons, they are Bragg-reflected by the
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surrounding periodic lattice and with a certain proba-
bility they create another identical photon through the
process of stimulated emission from another excited dye
molecule. The process of light amplification by stim-
ulated emission in such distributed-feedback photonic
structures will eventually result in lasing. This will take
place when the light amplification exceeds the optical
losses in the photonic structure, which plays the role
of the distributed-feedback optical resonator. There are,
therefore, two necessary components to form liquid-
crystal lasers: the periodic structure, forming the optical
resonator, and the dye molecules, playing the role of the
optical amplification medium. Such alaser is usually trig-
gered by an external pulsed-laser source, and the liquid-
crystal laser emits the laser light along the direction of
the periodic modulation of the refractive index. Figure 7
shows an example of lasing in a cell with a cholesteric
liquid crystal and different fluorescent dyes. This cell
is locally illuminated with short-wavelength excitation
laser pulses (not visible in the images) and a cholesteric
structure generates a strong laser beam, which propagates
along the direction of the helical axis. The colour of the
laser light is defined by the helical period of the structure
and the corresponding position of the photonic band gap
in the spectrum. Because in Figure 7 the pitch depends
on the position of the cell, different laser colours can be
generated by exciting different spots on the cell. In all
cases, liquid-crystal lasers are dye lasers, and have all the
advantages and disadvantages associated with such lasers.

Lasers based on liquid crystals have been well
known for a long time [40]; their basic advantage is
their spontaneous formation of structures. The first
dye-doped cholesteric liquid-crystal lasers were realised

independently by Kopp et al. [41] and later by Taheri
et al. [42] Later on, the lasing was realised in a
series of liquid-crystal structures and phases, such as
the chiral ferroelectric smectic phase,[43,44] liquid-
crystal polymers,[45-49] chiral nematic elastomers,[50]
cholesteric glasses,[51,52] an intermediate phase between
the chiral nematic phase and the smectic A phase [53]21,
and blue phases I and I1.[54-56]

Figure 8 shows an example of the blue-phase (BP)
IT laser. In a BP, double-twist cylinders of the chiral BP
material (Figure 8(a)) are packed together into a cubic
lattice, forming a 3D-photonic band-gap material, inter-
penetrated by defects. These band-gap properties are eas-
ily recognised by the strong colouring of the BP II single
crystals, which is due to a strong Bragg reflection from the
periodic photonic structure. Figure 8(c) shows examples
of such crystalline platelets, as observed in reflection. The
different colours are due to the different planes for the
reflection of light from the BP II lattice. If such a crys-
tal is doped with a fluorescent dye, and the dye is then
excited with an external pulse laser, the crystal will start
lasing about some threshold pumping energy. Figure 8(d)
shows the spectra of light collected from such a small
crystal platelet, taken at different levels of pump energy.
At low levels of pumping energy, the spectra are sim-
ply a broadband fluorescence of dye molecules added to
this material. There is clearly a threshold where the mea-
sured spectrum changes, because a sharp line appears
in the spectrum, which increases with increasing pump-
ing energy. This is typical for the onset of lasing from
distributed-feedback dye lasers, which can be recognised
by the characteristic knee in the measured output inten-
sity, shown in the inset of Figure 8(d).

Figure 7. Position-sensitive wavelength of the emitted laser light in a cholesteric liquid-crystal dye laser covering the full visible range.
Two different cholesteric liquid crystals with two different dyes were injected into the glass cell from opposite sides. In this way, the pitch
gradient was spontaneously achieved across the cell via the mixing of both liquid crystals. By pumping the dye laser at different positions,
different wavelengths of the output light were selected. Image courtesy of Hideo Takezoe.
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Figure 8. (a) The director field inside a double-twist tube of the BP. (b) Stacking of double-twist tubes and unit cell (red) and disclination
lines (black). (c) BPII single crystals at 24.6°C of a mixture consisting of the nematic liquid crystal E48 and the chiral dopant CB15.(d)
Fluorescence and lasing spectra at different pump energies. At the threshold for lasing, a sharp spectral line pops out from the fluorescent
background. The inset shows the emitted intensity at a wavelength of 617.23 nm versus the pump energy. The characteristic “knee”
corresponds to the onset of lasing. Reprinted by permission of Macmillan Publishers Ltd: Nature Materials (reference [40]), copyright

(2002).

In all these phases, not only was the lasing demon-
strated, but also various methods for tuning the lasing
wavelength. The liquid-crystal lasers could be tuned by
changing the external temperature,[57-59] the ultravi-
olet illumination,[60-62] the mechanical stress,[49,51]
and the application of an external electric field.[44,63-66]
The liquid-crystal dye lasers described in these studies
exhibit a very small thickness of the order of 10 microme-
tres, but have large lateral dimensions, as they are fab-
ricated in centimetre-sized glass cells filled with liquid
crystals. The actual active area of such a laser is in fact
relatively small, as the lasing takes place only from the
region of the liquid crystal, which is illuminated with an
external pumping laser. This area is small: of the order
of tens of micrometres. One obvious question is how to
reduce the dimensions of such lasers to micrometre-sized
objects?

A natural way of producing micrometre-sized objects
from liquid crystals is to disperse the liquid crystal in
another liquid in which it is immiscible. Then, because
of the chemical incompatibility, the liquid crystal will
spontaneously form micrometre-sized droplets with a
perfect spherical shape, as shown in Figure 9. It was

Figure 9. Millions of microdroplets of a nematic liquid crystal in
a thin layer of PDMS, as seen under crossed polarisers. Image
courtesy of M. Humar.

recently demonstrated that such small droplets of a
nematic liquid crystal, or a cholesteric liquid crystal,
dispersed in an immiscible fluid could be used as opti-
cal microcavities that are tuneable with an electric field
[67] and microlasers.[68] If the nematic liquid crystal is
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replaced by a chiral nematic liquid crystal with a heli-
cal period in the range of optical frequencies, we can
obtain an unusually structured droplet that acts as a
three-dimensional Bragg-onion microresonator. In this
case, the liquid-crystal molecules at the interface are ori-
ented parallel to the interface, and the helical structure
is formed all the way to the centre of the droplet, where
a topological defect is situated. We should also men-
tion the recent demonstration of self-assembled optical
microfibres from smectic-A liquid crystals. In combina-
tion with tuneable optical microcavities and microlasers,
these findings are the basis for future photonic devices
based on soft matter.

4. Optical microresonators made of LC droplets:
light is confined to a microcavity

In spherical microresonators [69] the light is trapped
inside the microsphere by total internal reflection at the
interface between the microsphere and the surrounding
medium. We can consider that the light is circulating
inside the microsphere with consecutive total internal
reflections at the interface. The resonance condition for
the circulating light is fulfilled if the light reaches the
point of origin with the same phase after one circula-
tion. These kinds of optical resonances are referred to
as whispering-gallery modes (WGMs) or morphology-
dependent resonances and are observable in resonators
with other shapes, not only spherical. In these resonators
the optical modes are confined to very small volumes and
the resonators may have very high Q-factors of the order
up to 10'0. These devices are extremely interesting for
applications in laser sources, active filters and all-optical
switches.[70] Of utmost importance are the tuneable res-
onators, in which the resonance frequency is tuned by
size, shape, and temperature, or preferably by the elec-
tric field. The largest frequency shifts can be obtained
by the mechanical shift control,[71,72] but this control
is slow, inaccurate and not practical for real applications.
Solid-state microresonators can be tuned electrically;
however, the shift of the resonance frequencies at rea-
sonable electric fields is usually relatively small. Another
option is tuning solid-state microresonators by con-
trolled heating and temperature-induced changes, which
is energetically very costly,[73] or using the electro-optic
effect.[74]

It was recently demonstrated [67] that small nematic
droplets embedded in a polymer matrix are low-loss opti-
cal microresonators, which can be tuned efficiently by
an external electric field. They were prepared by mixing
a small amount (several per cent by weight) of a flu-
orescently labelled nematic liquid crystal, such as E12
or 5CB, and polydimethylsiloxane (PDMS). These kinds

of mixtures are well known from previous studies of
polymer-dispersed liquid crystals (PDLCs) and electric-
field-controlled scattering in these materials. However,
in those studies, the droplets were rather small (less
than a micrometre) to induce a strong scattering of
light in the off-state, which could be switched into the
transparent state by an electric field. Furthermore, in
PDLC dispersions, huge numbers of densely packed
droplets were used in order to obtain a strong scatter-
ing of the light and a milky appearance of the PDLC
film. In our case, we are considering the optical prop-
erties of a single nematic droplet with molecules ori-
ented perpendicularly at the surface of the droplet, which
results in a radial topological defect in the centre of the
droplet.

A micrograph of a typical microdroplet of a nematic
liquid crystal in polymer is shown in unpolarised light
and between crossed polarisers in Figure 10(a) and 10(b),
respectively. The droplet was prepared by mixing a small
amount of a fluorescently labelled nematic liquid crystal
into a PDMS matrix.

Figure 10(b) shows a uniaxial dark cross that occurs
when the droplet is observed between the crossed
polarisers and which clearly indicates radial organisation
of the director field inside the droplet. There is a topo-
logical defect, also called a radial “hedgehog” defect,[75]
in the centre of the droplet, and the structure is uni-
formly splayed. When the dye-doped nematic liquid-
crystal microdroplet of 10 um diameter is illuminated
with light that is focused on the interior close to the equa-
tor, we clearly observe a ring of light in the interior of the
droplet, which strongly emits light on the other side of
the equator, as shown in Figure 10(d). The observed flu-
orescent ring and the strong emission of light from that
ring clearly demonstrate that this is due to the WGMs.
The analysis of the polarisation properties shows that the
WGM ring is polarised radially. Both the intensity profile
and the polarisation properties indicate that the WGM is
therefore a transverse magnetic (TM) mode, which is in
agreement with the structure of the nematic liquid crystal
inside the droplet.

The polarisation spectrum can be understood from
the structure of the dielectric tensor of the liquid crys-
tal at optical frequencies. The dielectric tensor is uni-
axial with the principal axis ey, = ¢y, and &, in the
coordinate system presented in Figure 11. The opti-
cal axis is along the z-direction and the correspond-
ing refractive indices are n, = \/exx and ne = /e,.
The TM modes therefore “see” the extraordinary refrac-
tive index, typically ne ~ 1.7, which is much larger in
a nematic liquid crystal than the ordinary refractive
index, typically n, ~ 1.5. The TE modes see a much
lower index contrast with respect to the surroundings,
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Figure 10. WGM resonances in nematic liquid-crystal microdroplets. (a) Microdroplet of nematic liquid crystal E12in PDMS. (b) The same
droplet under crossed polarisers. (c) Structure of the director field inside the microdroplet with perpendicular surface anchoring. The lines
representing the director field merge in the centre, where a radial “hedgehog” defect is located. (d) Light intensity under illumination
from a strongly focused beam of the Ar™ laser tweezers, which is illuminating the left-side rim of the droplet indicated by the black cross.
Note the strong intensity on the other side of the rim, indicating the circulation of the light inside the droplet. (e) Schematic view of
WGMs in a liquid-crystal droplet with the electric field oscillating in the radial direction. The green beam is the excitation light; the red
beam indicates the detected light.

(a) (b) ()

Figure 11. Schematic view of the electric field oscillations in (a) transverse electric (TE) and (b) TM WGMs. The prolate yellow-coloured
objects represent the liquid-crystal molecules, pointing with their axis in the radial direction. (c) The reference frame with the rep-
resentation of the uniaxial dielectric tensor of the nematic liquid crystal with eigenvalues exx = €y, and &z,. Image courtesy of M.

Humar.

and are therefore leaky modes with very low intensities.
Accordingly, the TM modes are dominant, and their
radial polarisation is in agreement with the experimental
observations.

The spectrum of light emitted from a 10-12-pm-
diameter nematic liquid-crystal microdroplet in PDMS
is presented in Figure 12. The WGM resonances are
clearly observed above the fluorescent background. For
droplets of a smaller size, only the TM modes are sup-
ported by the resonator, and this set of modes usually
corresponds to the fundamental, lowest frequency of the
WGM TM modes with radial number n = 1. Here, n is
the radial number of the mode, which determines the
number of maxima in the radial intensity distribution
of the modes inside the sphere. For somewhat larger
droplets, shown in Figure 12(b), an additional set of

modes is observed, which correspond to higher radial
TM modes. We expect that in extremely large droplets,
the TE modes would appear as well, as the mode losses are
inversely proportional to the radius of curvature of the
resonator.

The linewidth of the WGM resonances in nematic
liquid-crystal droplets in PDMS (n = 1.43) is typically
0.055 nm, which corresponds to a Q-factor of the cavity
of the order of 12,000. The most probable reason for the
optical losses is the thermally induced orientational fluc-
tuations of the nematic director. The Q-factor depends
on the temperature and size of the droplet, which deter-
mine the radiative losses due to the interfacial curvature.
For smaller droplets (10 um), the Q-factor is between
4000 and 6000, whereas in droplets larger than 30 pum, the
Q-factor exceeds 10,000.
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Figure 12. Spectrum of WGMs circulating in a liquid-crystal microdroplet. (a) A single set of WGM resonances is detected in smaller
(10 um) droplets of a nematic liquid crystal in PDMS. The mode indices are assigned on the basis of the theory of WGMs in optically
anisotropic microspheres. (b) In larger radial droplets (12 um), a second set of radial modes appears with a radial mode number n = 2.
The inset shows details of a spectral WGM line in a 53-pm-diameter droplet. The linewidth corresponds to the cavity Q-factor of the order
of 12,000 (reprinted by permission of Macmillan Publishers Ltd: Nature Photonics [67], copyright (2009)).

5. Tuning of WGM resonances by electric field,
temperature and strain

Nematic liquid crystals are well known for their very
large optical response to external fields, which is due to
the minimisation of the electric energy of the induced
electric dipoles in an external electric field. These opti-
cal effects are also well known from previous studies
of PDLCs, in which a strong-enough external electric
field forces the molecules inside the droplet to align
nearly uniformly in the direction of the field. This results
in index matching between the corresponding refrac-
tive index of the droplet and the external medium. We
therefore expect that a strong-enough electric field will
have a large impact on the WGM resonances. Figure 13
represents optical micrographs of a 9.3-um droplet, as
observed between the crossed polarisers, within an exter-
nal field applied perpendicularly to the plane of the
image.

A comparison of the images without and with the elec-
tric field (Figure 13(a) and 13(b)) clearly indicates the
strong structural changes in the interior of the droplet
when the electric field is applied. The schematic pre-
sentation of the evolution of the interior director struc-
ture is shown in Figure 13(c) and 13(d). At smaller
fields, the centre of the droplets is affected in such a
way that the radial hedgehog defect transforms into a
ring-like structure (reference), which is pushed towards
the interface of the droplet with an increasing field
(Figure 13(d)). Finally, at very large fields, the whole
interior of the droplet is aligned along the field direc-
tion, except for the topological ring defect itself and its
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Figure 13. Effect of electricfield on liquid-crystal microresonator.
(a) A micrograph of a 9.3-um droplet of E12 nematic liquid crys-
tal in PDMS between the crossed polarisers at 1.9 Vausum ™" (b)
The same droplet at 2.6 Vamspm~'. Note the spontaneous twist
of the radial structure in (a). (c,d) Schematic representation of
the effect of an external electric field on the internal structure of
radial nematic microdroplets. Reprinted by permission of Macmil-
lan Publishers Ltd: Nature Photonics (reference [67]), copyright
(2009).

immediate surroundings. It is easily understood from
the observation of the mode distribution in Figure 13(c)
and 13(d) that this structural deformation should shift
the WGM resonances towards short wavelengths with
increasing electric field. This is due to the reduced dielec-
tric constant in the vicinity of the ring defect, which
effectively shortens the optical path of the WGM resonant



wave. This means that the resonant condition will be
fulfilled for shorter wavelengths.

This blue shift of the WGM resonances with increas-
ing electric field is indeed observed in the experiments,
as shown in Figure 14. At small electric fields, there is
only a small electric-field-induced shift of the TM WGM
resonances. When increasing the field, the wavelength
shift decreases nearly linearly with an increasing elec-
tric field. There is no hysteresis in the WGM blue shift,
which is also completely reversible. The response time
is limited by the response dynamics of the nematic lig-
uid crystal inside the droplet and is of the order of 10
milliseconds.

The electric-field-induced WGM shift depends on the
diameter of the droplet and is as high as 20 nm at 2.6
Vrmspum ! in 17-pm-diameter radial nematic microres-
onators, as shown in Figure 14(b). A theoretical estimate
shows that the maximum tunability at a very high elec-
tric field is of the order of 6% or 40 nm at 600 nm.[67]
The observed magnitude of the electric-field-induced
shift of the WGM resonances in nematic microresonators
exceeds similar phenomena in solid microresonators by
at least one order of magnitude. In silicon-on-insulator
ring resonators, the obtainable electric-field-induced
shifts are less than one nanometre.[73] Electric-field-
induced tuning of ring resonators is also achievable by
adding a nematicliquid crystal as a cladding layer, and the
WGM shift is obtained by tuning the dielectric constant
of the evanescent wave close to (100 nm) the cladding-
resonator interface. This results in larger tuning ranges of
LC-cladded ring or racetrack microresonators. However,
some authors report irreversible tunning.[76] In lithium
niobate micro-ring resonators, the WGM shifts are less

(a)
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than one nanometre at 300 V across a 200-pm gap.[77]
By cladding a racetrack silicon microresonator with a
dye-doped blue phase liquid crystals, tuning with laser
light was obtained, with spectral shifts of the order of
1nm.[78,79]

In all WGM microcavities, the mode resonances
depend directly on the refractive index of the material,
which in all cases is more or less temperature dependent.
For solid-state micro-ring resonators the effect of temper-
ature on the refractive index is small and, for example,
a sensitivity of 10 pm/K at 1500 nm was achieved in
silica.[80] In the case of soft materials such as PDMS,
0.3nm/K at 1500 nm was shown.[81] Liquid crystals
were employed previously for the temperature tuning
of WGMs, but again just as a cladding. Temperature
tuning of 8 nm at 1200 nm was also demonstrated.[76]
It is well known that the refractive index of a liq-
uid crystal is temperature dependent because of the
degree of ordering of the liquid-crystal molecules. The
degree of the orientational order is given by the order
parameter S that is strongly temperature dependent and
decreases when we approach the isotropic phase tran-
sition from below. We therefore expect that the WGM
resonances will show a strong temperature dependence
because of the temperature changes of the refractive
indices.

The temperature dependence of the WGM spectrum
of a E12 radial nematic liquid-crystal droplet is pre-
sented in Figure 15. We can easily identify three dif-
ferent sets of modes, which differ in respect to the
radial mode numbers and polarisations. These modes,
which are blue-shifted with increasing temperature, are
all TM-polarised WGMs. There are two sets of modes
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Figure 14. (a) Electric-field-induced shift of TM WGM resonances in a 16-um microdroplet of E12 nematic liquid crystal. The colour scale
indicates the intensity of the detected light. (b) Range of electric-field tunability of WGM resonances in radial E12 microdroplets. Reprinted
by permission of Macmillan Publishers Ltd: Nature Photonics (reference [67]), copyright (2009).
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Figure 15. WGMs in a 23.1-um-diameter droplet of a E12 in
PDMS as the temperature is increased. The isotropic-nematic
phase transition is at 57°C. Reprinted with permission, Copyright
2011 Society of Photo-Optical Instrumentation Engineers.

corresponding to n =1 and n = 2. The third set of
modes shows the opposite temperature dependence and
is red-shifted with increasing temperature. At the phase-
transition temperature, these modes merge into two sets
of modes, which are temperature independent in the
isotropic phase. The third set of modes obviously corre-
sponds to the TE modes with their polarisation sensing
the ordinary refractive index, which has the opposite
temperature dependence compared to the extraordinary
index.

The tuning of WGM resonators by mechanical defor-
mation has been achieved in a number of different
geometries and materials. Two examples are droplets of
a liquid in a PDMS polymer [80,82] and fused-silica
microresonators.[83] In both cases the achieved tun-
ability was approximately 1 nm in visible light. When
liquid-crystal microdroplets are embedded in an elas-
tic polymer matrix, such as the PDMS, the film can
be mechanically stretched, and the spherical droplets
deform into an ellipsoid, as shown in Figure 16. When
the droplet is illuminated near its rim, we can clearly
observe the circulation of the WGMs inside the deformed
droplet. Figure 16 shows the strain dependence of the
WGM resonances, up to the maximum applied strain
of 15%. The modes are red-shifted, which indicates that
the optical path of the resonant modes increases with
the increasing strain. This is understandable because of
the ellipsoidal deformation of the droplet and the fact
that the light is circulating in the plane containing the
larger axis of the ellipsoid. The strain-induced red-shift
is rather dramatic and is of the order of 10 nm at 5%
strain.
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Figure 16. (a) A liquid-crystal droplet with 14.4-um diameter
embedded in PDMS at 0% strain and (b) at 15% strain. (c) Flu-
orescent intensity at 7.4% strain. The droplet is illuminated by
a focused laser near its rim at the lower part of the image. (d)
Strain dependence of the WGM resonances, measured for the
same droplet. Reprinted with permission, Copyright 2011 Society
of Photo-Optical Instrumentation Engineers.

6. Surfactant sensing based on WGM lasing in
liquid-crystal microdroplets

The alignment of liquid-crystal molecules at the inter-
face with the external medium depends in a compli-
cated way on the inter-molecular interactions across the
interface. Because the surface anchoring of liquid-crystal
molecules depends on the chemical constitution of the
interface, these interfaces have been used successfully to
detect foreign molecules and objects that are attached to
this interface from the external medium. For example,
phospholipids at the liquid-crystal water interface were
detected via polarised-optical-microscope observations
of small compartments filled with liquid crystal, having
one free interface with an external water reservoir. The
same optical method of observing the changes in bire-
fringence was used to detect proteins, viruses, and bac-
teria, which preferentially attached to the liquid-crystal
water interface and modified the surface boundary con-
ditions for liquid-crystal molecules. This change of the
interfacial anchoring of the liquid crystal propagates into
the interior of the liquid crystal and therefore induces
huge structural changes. These structural changes are
accompanied by large changes in the optical properties
of the liquid crystal, which strongly amplifies the sur-
face effects. The surface sensitivity of a liquid crystal to
external agents represents a novel concept for a sensor



device in which tiny changes at the interface induce large
structural changes in the interior of the sensor, therefore
providing a strong response to a very small number of
molecules attached to the interface.

It has been demonstrated in the past that liquid-crystal
interfaces are a superior sensing platform for the detec-
tion of foreign molecules in a water environment that
is in contact with a liquid crystal.[84-86] However, the
main drawback of this method is a rather impractical
optical readout, which uses optical microscopy and pat-
tern recognition by the observer to detect the change in
the structure of the sensor. One way to overcome this dif-
ficulty is to make a small droplet of liquid crystal, which
floats in an aqueous environment, to detect the pres-
ence of foreign molecules in water or some other exter-
nal medium. As the surface boundary condition changes
after the surface adsorption of the targeted molecules at
the liquid-crystal/exterior interface, the interior struc-
ture of the droplet may change. This change can be
detected by measuring the spectrum of WGM resonances
inside the droplet. The monitoring of WGM spectra in
liquid-crystal microdroplets could therefore be used as a
versatile platform for the contactless and simple optical
detection of small concentrations of targeted molecules
in water.

A typical experiment demonstrating the sensitivity
of WGM resonances to foreign molecules dispersed
in water is performed by using nematic liquid-crystal
microdroplets doped with a small amount of fluorescent
dye, which serves as a uniformly distributed light emitter.
The microdroplets are produced by mechanically mixing
some microlitres of dye-doped 5CB in one millilitre of
4-mM water solution of sodium dodecyl sulphate (SDS).
For this concentration of SDS, the 5CB droplets obtain
aradial distribution of liquid-crystal molecules. The SDS
also prevents the droplets from sticking to the walls of the
microfluidic channels used in the experiment. The dis-
persion of 5CB droplets in a 4-mM SDS water solution
is introduced into the microfluidic channel positioned
in the operating field of the laser tweezers. A selected
droplet of 5CB can be trapped with an infrared laser
tweezer because of the higher refractive indices of the
5CB compared to water. After trapping the droplet, a con-
tinuous flow of pure water is fed through the channel
so that the SDS concentration is reduced to zero. This
flow of purified water flushes most droplets out of the
channels, except for the trapped ones. Simultaneously,
the internal configuration of the director field changes
from a radial to a bipolar configuration, which is stable
for a zero concentration of SDS.

After purifying the channels with water, the droplet
is exposed to a continuously increasing concentration
of SDS, which is fed through the main channel. The
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Figure 17. Changes to the structure of a small droplet of nematic
liquid crystal at increasing concentrations of SDS. (a) The schemat-
ics of the director field, represented by the lines, where the dots
are point defects. The structure changes from bipolar at zero
SDS concentration, with the two boojums located outside the
droplet, to the radial configuration, which emerges at 2.0-mM
SDS. (b) Unpolarised microscope images of a 17-um-diameter
microdroplet of 5CB in water with added SDS. The “inner ring” at
0.2-mM of SDS is clearly seen. The + 1/2 ring defect evolves into
a point radial defect with a charge + 1. This point moves gradu-
ally from the interface into the centre and establishes the radial
configuration of the droplet. (c) The same images as in (b), but
taken between crossed polarisers. (d) The spectrum of light emit-
ted froma 13-um 5CB droplet in water with various concentrations
of SDS. (e) Close-up of a part of the lasing spectrum at the inter-
mediate SDS concentrations, where the structure of the droplet is
not very well defined. Image courtesy M. Humar.
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response of the WGM microlaser to this continuously
changing concentration of SDS in the water is shown
in Figure 17. The lasing spectrum changes dramatically
when the interior of the droplet is transformed into the
bipolar configuration above a 0.5-mM concentration of
SDS, as shown in Figure 17. Instead of a set of practi-
cally equidistant modes, we can clearly observe several
groups of WGMs. Within each group, the modes are split
by an order of 0.5nm and the width of the lasing lines
is typically 0.05 nm, which is limited by the spectrometer
resolution. This mode splitting is typical of WGM micro-
cavities, which have a non-uniform refractive-index dis-
tribution. Namely, if the spherical WGM microcavity is
filled with an isotropically or radially uniform refrac-
tive index, the WGM modes with different azimuthal
mode numbers are degenerate. However, as soon as the
optical path is different in different planes of light circu-
lation, these modes split. The mode splitting can either
be a consequence of the droplet’s deformation to a non-
spherical shape, or a consequence of a slightly different
refractive-indices distribution in different planes of cir-
culation. Because the optical microscopy confirms the
spherical shape of the droplets with the bipolar internal
organisation, the mode splitting can only be explained by
the refractive index’s spatial non-uniformity. Indeed, in
bipolar droplets with the two point defects located exactly
at the interface, all the orbits of light circulation very close
to the interface have the same optical path. However, the
difference in the optical paths emerges as soon as the two
point defects (boojums) are located outside the droplet.

7. 3D microlasers from cholesteric liquid
crystals

In 2010, Humar and Musevi¢ demonstrated a compact
and self-assembled microlaser based on cholesteric liquid
crystals.[68] To do this, they mixed a liquid crystal with a
non-miscible fluid, such as glycerol or PDMS. Due to the
chemical incompatibility, tiny droplets of cholesteric lig-
uid crystal were formed in the carrier fluid, and because
of the surface tension, the droplets obtained a perfect
spherical shape. Due to the parallel anchoring of the
liquid-crystal molecules at the interface with the exter-
nal fluid, these microdroplets organised their cholesteric
interior with the helical axis pointing from the surface to
the centre of the droplet at all points of the droplet’s sur-
face. This spontaneous self-assembly, which occurs solely
due to the helical nature of the cholesteric liquid crystal
and the surface anchoring, results in an optical structure,
shown schematically in Figure 18.

Cholesteric microdroplets with degenerate planar-
surface anchoring have been studied before, but in con-
texts other than their application as spherical optical

Figure 18. Schematic view of the arrangement of molecules in
a cholesteric liquid-crystal microdroplet with parallel anchoring
of the liquid-crystal molecules at the surface. The helical struc-
ture of the liquid crystal originates from the centre of the droplet
and gives rise to a series of concentric shells of constant refrac-
tive index. This dielectric structure is optically equivalent to the
well-known Bragg-onion optical microcavity. Image courtesy of
M. Humar.

microcavities. In the experiments,[87-89] most commonly
it was the radial spherical structure that was observed,[90]
also known as the spherulitic texture or the Frank-Pryce
model.[91] In this structure, there are no singular defects
and a twisted cholesteric disclination winds out from the
centre of the droplet to the surface. There are theoretical
predictions about the existence of two other cholesteric
structures [92,93]: the diametrical spherical structure,
and the planar bipolar structure.

Spherical Bragg-onion microcavities, which are based
on an alternating sequence of concentric shells of low-
and high-refractive-index material, are particularly inter-
esting because of their perfect rotational symmetry in
3D, which means that the photonic band gap has to
be independent of the direction of light propagation.
It is therefore expected that a DFB laser based on a
cholesteric microdroplet would emit laser light uniformly
in all directions, and that the light would be circu-
larly polarised in view of the helicity of the birefringent
structure.

A cholesteric liquid-crystal 3D microlaser is made
by mixing a low-birefringent liquid crystal (such as the
MLC-7023 liquid crystal produced by Merck) with a
chiral dopant (such as S-811). This produces a chiral
nematic liquid crystal with a helical period and a pho-
tonic band gap (PBG) in the visible part of the spectrum.
The period of this mixture and its ordinary and extraor-
dinary refractive indices completely determine the lasing
wavelength. In order to match the emission spectrum of



the fluorescent gain medium to the photonic band gap
(PBG), a proper dye has to be selected. Typically, 0.2 wt.%
of the fluorescent dye Nile red or DCM is used. These
dyes are then optically pumped using a doubled Nd-YAG
pulsed laser, the driving frequency of which is several tens
of Hertz.

After the mixture of chiral nematic liquid crystal and
dye is thoroughly homogenised at elevated temperatures,
it is cooled down and mixed into glycerol by hand.
This process instantaneously produces millions of tiny
cholesteric liquid-crystal microdroplets. They are of dif-
ferent diameters, but the PBG of all these droplets is the
same because they are made of the same material. Such
a simple process thus creates a myriad of dye microlasers
that all emit exactly the same wavelength. An example of
a cholesteric microdroplet with a somewhat larger helical
pitch is shown in Figure 19(a) and 19(b). In this material,
the amount of chiral dopant was deliberately lowered, so
that the helical pitch increased to a length that could be
easily observed under an optical microscope.

Figure 19 (d)-(f) shows selected video frames of a
cholesteric droplet with a PBG in the visible spectrum,
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which is optically pumped with gradually increasing
power. Below the threshold for lasing, the droplet is emit-
ting uniformly fluorescent light (orange in this case) with
a broad spectrum. By increasing the optical pump power,
we eventually reach the threshold for lasing, where the
gain due to the stimulated emission is higher than the
optical losses from the cavity. This results in the appear-
ance of a tiny bright spot in the centre of the droplet.
By further increasing the power of the optical pump, this
tiny spot is enlarged, but still confined to the centre of the
droplet. If we change the direction of the observation, the
image of the droplet remains the same — we always see a
bright spot at the centre of the droplet, irrespective of the
direction of observation. There is an obvious conclusion
to be drawn from this experiment: the cholesteric droplet
is a 3D Bragg-onion microlaser that emits coherent light
from its centre. Such a droplet is therefore a point source
of monochromatic and coherent light.

The spectral properties of the emitted light below
and above the threshold for lasing are shown in
Figure 20(a)-(d). Figure 13(a) shows a series of optical
spectra of emitted light for various and increasing energy

Figure 19. (a) A typical cholesteric droplet with a pitch p = 2.2 um in glycerol. The light and dark concentric shells are a result of the
spatial variation of the refractive index of the cholesteric liquid crystal in the radial direction. A blurred defect line can be seen extending
from the centre to the surface. (b) Close-up of the centre of the cholesteric droplet, when viewed along the defect line. (c) Cholesteric
droplet with PBG in the visible range of light viewed under crossed polarisers and white-light illumination. (d)-(f) Omni-directional (3D)
lasing from a cholesteric droplet illuminated by laser pulsers and a weak, white, background illumination. (d) Below the lasing threshold,
the droplet is fluorescing uniformly. (e) At the threshold for lasing, a bright spot of radiating monochromatic light is emerging from the
centre of the droplet. (f) Lasing is very intense at a high optical pump power. Image courtesy of M. Humar. Reprinted with permission of

Optical Society of America, Ref. [68].
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Figure 20. Lasing characteristics of a single droplet of dye-doped cholesteric liquid crystal. (a) The spectra of light emitted from the
centre of the microdroplet at different energies of the pumping pulse. (b) Radiated laser-light intensity as a function of the input pulse
energy density. There is a clear threshold for lasing. (c) Magnified lasing spectrum showing a laser linewidth of 0.1 nm. (d) The threshold
for lasing as a function of the droplet size. For this material, there is no lasing in the droplets with diameters smaller than 30 um. Reprinted

with permission of Optical Society of America, Ref. [68].

densities of the optical pump light. Below the threshold,
only a fluorescent background spectrum of Nile red is
observed. At the threshold of about 1.5 mJ/cm?, a sharp
spectral line emerges from the fluorescent background,
and is strongly amplified by increasing the optical pump
power density. Clearly, the optical mode of the chiral
microcavity is amplified and picked up, so that it becomes
a lasing mode. Importantly, this is a single-mode laser,
as no other modes of the cavity are amplified above the
threshold for lasing.

The threshold power for 3D lasing depends on the
droplet diameter and the birefringence of the cholesteric
liquid crystal. Materials with lower birefringence have a
higher threshold because the strength of the radial mod-
ulation of the refractive index is not as high. Correspond-
ingly, the grating in the radial direction does not have
a large amplitude and the optical losses are high. This
increases the threshold for lasing in the low-birefringent
cholesteric microlaser. If we take a high-birefringent liq-
uid crystal, the radial variation of the refractive index has
a large amplitude and the losses of the resonator are low-
ered. This lowers the threshold for 3D lasing, but causes
another complication, i.e., the emergence of other modes.
Typically, these are WGMs, which combine with the 3D

mode and give rise to a complex lasing pattern, as shown
in Figure 21.

The spectral width of the 3D emitted laser line is rel-
atively narrow, as shown in Figure 20(c). Typically, the
linewidth is of the order of 0.1 nm. Other characteristics
of the 3D microlaser include circular polarisation of the
emitted light, uniform distribution of the emitted light in
3D and the possibility of tuning the emitted wavelength
via the temperature of the external field.

There have been several other experiments on the
optical properties of chiral nematic microdroplets with
planar surface anchoring. It was demonstrated that dis-
persions of chiral microdroplets could be used as a
sort of “laser paint”,[94] which could be applied to
the surface and subsequently dried. After the evapo-
ration of the carrier fluid, the droplets were pressed
against the surface by the surface tension of the evap-
orating fluid. This resulted in a thin layer of flattened,
pancake-like microdroplets, distributed on the surface
with their helical period oriented perpendicularly to the
surface. Upon optical pumping, this layer of pancake-like
microlasers emitted laser light. It was demonstrated in
other experiments that cholesteric microdroplets could
be successfully polymerised, leading to a stable photonic
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Figure 21. Lasing from a high-birefringent cholesteric microdroplet with a slightly longer pitch exhibits a mixture of 3D and whispering-

gallery lasing modes. Image courtesy of M. Humar.

microcavity [95] into which fluorescent dyes could be
added. There are interesting laser-trapping experiments
with polymerised chiral nematic microdroplets, which
act as chiral colloidal particles. Because of the PBG, such
a chiral particle selectively reflects the rather narrow fre-
quency band of circularly polarised light, whereas other
wavelengths and oppositely handed circularly polarised
light are transmitted. As a result, such a chiral colloidal
particle can be selectively trapped or repelled from the
laser beam.[96,97]

8. Optical microfibres from smectic-a liquid
crystals

While in spherical objects the surface energy of the liquid
crystal in the carrier fluid dominates the elastic energy of
its deformed interior, lowering the surface energy could
result in the formation of elongated, fibre-like objects.
This is in fact well known for diblock polymers,[98]
where elongated, fibre-like objects called “myelin figures”
are familiar. The process of the spontaneous formation
of myelin figures is also well known for the interface
of lyotropic lamellar liquid crystals and water.[99] Sim-
ilar objects were reported by Prathiba et al. [100] in
binary mixtures of liquid crystals. It was demonstrated
recently that the thermotropic smectic-A liquid-crystal
8CB forms micrometre-diameter filaments when dis-
persed in water with added CTAB.[101]

Myelin figures are tube-like structures consisting of
cylindrically bent water/surfactant bilayers. The Myelin
figures are clearly some sort of liquid optical fibres; how-
ever, the small difference between the refractive index of
the myelin fibres and their aqueous environment renders
them unsuitable for wave-guiding applications. A recent
demonstration of the spontaneous formation of myelin-
like structures grown at the interface of a thermotropic
smectic-A liquid crystal and water containing cationic
surfactant micelles triggered an interest in the photonic

properties of these structures. The reason for this is as fol-
lows: (i) The coaxial organisation of smectic layers in the
myelin fibres could result in a very precise and uniform
diameter of the fibres to one molecular length (2-3 nm);
(ii) The smectic nature of these fibres should substan-
tially decrease the degree of light-scattering losses and
surface smoothness. This is because molecular orienta-
tional fluctuations are suppressed in the smectic- A phase;
(iii) The coaxial smectic-A fibre should have a topologi-
calline defect of the winding number + 1 along the major
axis of the tube. This line defect must be in perfect align-
ment with the cylindrical axis of the fibre. It is expected
that the optical modes of such a birefringent fibre with
a topological line defect should support the eigenmodes
of the electromagnetic field, which exhibit topological
similarities and are carrying the topological charge.

It was demonstrated recently that these smectic-A
liquid-crystal fibres, grown from the interface of water
and CTAB, are excellent optical waveguides, where not
only guiding but also lasing was demonstrated.[102] In
the experiment, a common, room-temperature smectic-
A liquid-crystal 8CB is used. This material is normally
labelled with a small amount of fluorescent dye, such as
Nile red, which helps us trace the propagated light under
an optical microscope. For the preparation of the aqueous
solution, a cationic surfactant is used, such as C16TAB.
The critical micellar concentration of this surfactant in
water is around 1 mM at 25°C. However, in the exper-
iments, much higher concentrations are used, typically
between 10 and 100 mM. After a small amount of 8CB-
dye mixture is put on a glass substrate, it is covered with
a second glass plate and the aqueous micellar solution
of CTAB is brought into contact with the liquid crys-
tal using capillary forces. Under an optical microscope,
we can immediately see very fine microtubes protruding
from the liquid-crystal/aqueous interface into the aque-
ous phase. An example of this fibre-like phase is shown
in Figure 22.
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Figure 22. Microscope image of 8CB microfibres grown in a water solution of CTAB. The structures are far from being at equilibrium
— we can see the vivid motion, growth and shape-changing dynamics of these microfibres for several minutes. Occasionally, after the
CTAB is consumed, the fibres contract back into spherical-like isolated objects or clusters. Copyright 2015 Society of Photo-Optical

Instrumentation Engineers.

To investigate the interior organisation, we used an
optical polarising microscope and a fluorescence con-
focal polarising microscope (FCPM). When viewed
between crossed polarisers, 8CB microfibres exhibit typi-
cal birefringent colours, as illustrated in Figure 23(a). The
birefringent layers run along the long axis of the fibre,
which has a perfectly spherical microcap at both ends.
The strength of the surface tension between the 8CB and

the aqueous environment makes the interfaces extremely
smooth. For example, the spherical cap always preserves
its shape, regardless of the bending and twisting of the
8CB microfibre.

If the fibre is rotated between crossed polarisers, it
becomes dark when the axis of the fibre is either paral-
lel or perpendicular to the polarisation of the light. This
indicates that the fibre is structurally homogeneous, that

Figure 23. Polarising microscopy and FCPM images of smectic-A 8CB microfibres (doped with 0.01 wt.% of Nile red) in aqueous C16TAB
solution. (a) A thin 8CB fibre (diameter &~ 3 um), which has adopted a bent, S-like shape between the crossed polarisers with the addition
of ared (1) wave plate. The alternating yellow/blue colour sequence indicates that the liquid-crystal molecules, and thus the local optical
axis, are always aligned perpendicularly to the surface of the fibre. The inset shows an 8CB microfibre (diameter ~ 10 um) between
crossed polarisers, demonstrating a strong birefringence of the smectic fibre. (b) FCPM image of a smectic-A 8CB microfibre (diameter
35 um) with the polarisation of the exciting light along the axis of the microfibre. A high fluorescence intensity is observed at the spherical
tip of the fibre. (c) FCMP image of the same fibre with the polarisation of the exciting light perpendicular to the axis of the microfibre.
A high fluorescence intensity is observed along the cylindrical body of the fibre. The distribution of the fluorescence intensities in both
images indicates that the Nile-red molecules, and thus the liquid-crystal molecules, are oriented perpendicularly to the surface of the
fibre. (d) Schematic drawings of the coaxial arrangement of smectic layers in the microfibre. Top: cross-section parallel to the fibre axis.
Bottom: cross-section perpendicular to the fibre axis. The red line and the dot indicate the topological line defect. The rod-like liquid-
crystal molecules (not shown in the drawings) are oriented perpendicularly to the layer planes and the fibre surface. Image courtesy of
K. Peddireddy.



the optical axis of the smectic-A liquid crystal is oriented
perpendicularly to the surfaces of the fibre and that it
ends at the topological line defect in the centre of the
crystal. This is confirmed by taking FCPM images of
the fluorescently labelled fibre. When using the Nile-red
dye for fluorescent labelling, we know that the Nile-red
molecules align within the 8CB liquid-crystal matrix with
their radiative dipole moments along the local director.
This means that the fluorescence is the most intense when
the polarisation of the excitation light is parallel to the
Nile-red molecules and therefore parallel to the director.
By taking FCPM images across the whole volume of the
fibre, we can determine the internal organisation of the
fibre with absolute certainty.

FCPM images for two different polarisations of the
excitation light are shown in Figure 23(b) and 23(c).
When the polarisation of the excitation light is parallel
to the axis of the fibre (as in Figure 23(b)), fluorescent
light is collected only from a small part of the fibre’s
cap. In this case, the most intense light comes from the
central part of the cap, which indicates that in this part
the molecules are locally oriented along the axis of the
fibre and are perpendicular to this direction in other
parts of the fibre. When the polarisation of the excita-
tion lights is rotated by 90°, the fluorescent image of the
fibre looks inverted compared to the previous one, as
shown in Figure 23(c). Again, the most intense parts of
the image indicate a molecular alignment perpendicular
to the axis of the fibre. The combination of both images
for two different polarisations provides a clear conclusion
regarding the structure of the fibre, which is illustrated
in Figure 23(d). Each fibre is composed of a sequence of
coaxial and rolled-up smectic-A layers, which form the
body of the fibre, and of two hemispherical caps at each
end of the fibre. Inside these caps, the smectic layers form
a sequence of nested hemispherical molecular layers. All
the nested layers together form a highly birefringent and
perfectly hemispherical lens with no topological defects.
However, there must be a topological line defect in the
core of the fibre, running all along the length of the fibre
and connecting the centres of the two hemispherical caps.

An interesting issue is related to this topological defect
line in the core of the fibre - having a topological line
defect in their core, these microfibres are likely to sup-
port Gaussian-Laguerre eigenwaves. As demonstrated
recently,[103] a Gaussian beam is transformed into a
Laguerre-Gaussian beam after passing through a micro-
droplet of nematic liquid crystal with a topological point
defect in the centre. A similar transfer of phase singu-
larity from the material field to the light was reported
for arrays of umbilic topological defects in liquid crystals
[104] and defects in toron gratings.[105] The experi-
ments show that the topological defects of the matter are
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expected to be transferred and imprinted into the elec-
tromagnetic waves as phase singularities. Furthermore,
the perfectly hemispherical caps of the smectic-A fibres
could act as perfect self-assembled hemispherical lenses,
collecting the light from the exterior.

9. Waveguiding and lasing in smectic-a
microfibres

Perfectly ordered smectic fibres of micrometre diameter
are good candidates for the waveguiding of light. The
smectic-A liquid crystal is organised so that the local
optical axis is pointing radially outwards from the centre
of the fibre, which indicates that guided light experi-
ences an effective refractive index close to the extraor-
dinary index of refraction of the smectic material. For
thermotropic smectics, such as 8CB, it is much higher
(n = 1.7) than that of water (n = 1.33). To observe the
waveguiding of light along smectic fibres, a special tech-
nique is used where the interior of the fibre is labelled
with a fluorescent dye. When the short-wavelength light
is guided along the fibre, it excites the fluorescence of the
dye molecules, and this fluorescent light is partially emit-
ted from the fibre. An example of a microscope image of
a smectic-A fibre that was fluorescently doped with Nile
red is shown in Figure 24. A strongly focused beam from
the Art is positioned so that it illuminates one point on
the fibre. Fluorescently generated light is emitted in all
directions from this point, and a certain portion of the
light is waveguided along the fibre because of the total
internal reflection at the interface. As the light is prop-
agating along the fibre, it excites fluorescent molecules,
which again emit light in all directions. This means that
under an optical microscope, we can see the fluores-
cently emitted light from those parts of the fibre where
waveguiding occurs.

In addition to the observed waveguiding of light
along a smectic-A fibre, another optical phenomenon is
observed, when the fibre is illuminated with strong laser
pulses that can excite the fluorescent molecules, as shown
in Figure 25. At a low intensity of the excitation light,
we can observe the emission of fluorescent light from
the illuminated area. The spectrum of this light is rather
broad. However, when the intensity of the excitation light
is increased, bright lines are observed on the surface of
the fibre at some point. In addition to the brightness,
these lines show characteristic speckles, which indicate
the coherent nature of the emitted light. We should stress
that the bright lines indicate the emission of coherent and
monochromatic laser light in a direction tangential to the
surface of the fibre.

The observed lasing originates from the resonant
WGMs of light, where the light is circulating along the
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Figure 24. (a) Optical microscope image of a smectic-A fibre from 8CB, doped with Nile red and illuminated with a focused Ar™ beam.
Lightis guided along the fibre due to the total internal reflection at the interface. (b) Details of waveguiding due to total internal reflection
are clearly seen in the thicker fibre. The light beam from the illuminated spot on the cap of the fibre is spiralling along the fibre by total
internal reflection. (c) Optical losses in smectic-A fibres are low. The chart shows the measured fluorescent intensity as a function of
the position along the smectic-A fibre. There is little decrease in the intensity of the light along the 120 um path. Image courtesy of K.

Peddireddy.

Figure 25. An example of lasing from a large, 50-um-diameter smectic-A microfibre. The fibre is grown from Nile-red-doped 8CB in
contact with a 100-mM C16TAB water solution and illuminated with a focused Ar™ beam. (a) Below the threshold for lasing only a broad
fluorescence spectrum from the illuminated area of the fibre is observed. (b) Above the threshold for lasing, we can clearly see a thin red
line of strong intensity along the surface of the fibre. The monochromatic colour of the line indicates lasing. A close-up of the lasing line
shows the characteristic laser speckles, indicating the coherence of the light. Image courtesy of K. Peddireddy.

perimeter of the microfibre because of the total inter-
nal reflection at the 8CB-aqueous interface. In WGM
resonators, the resonant condition is achieved by light
circulation along the circumference of the cavity, such
as microsphere, microtoroid, microfibre. Because of the
total internal reflection, the WGM cavities exhibit large
Q-factors, enabling low-threshold lasing with a very
small mode volume. In this case, the laser light is emit-
ted from a resonator in the plane containing the circular
path of resonant light and bounces off the cavity’s inter-
face due to total internal reflection. When such WGM
lasing is observed under a microscope, we can usually see
a strong coherent light shining towards the observer from
the thin interfacial region of the cavity.

In the case of smectic-A fibres, we have a high-
refractive-index fibre with a circular cross-section, which
represents a cylindrical microresonator. The WGMs are
resonantly circulated by total internal reflection in a plane
that is perpendicular to the axis of the cylindrical cav-
ity (i.e., the fibre’s axis). In this case, the WGM lasing
can be seen as a thin “sheet of light” emanating from the
interface, as shown in Figure 25(b). The same picture is
seen from all angles of observation due to the cylindrical
symmetry of the resonator.

The spectrum of light emitted from the fibre is shown
in Figure 26(a) and 26(b) for various levels of pumping
light. Just at the threshold of lasing, we can see laser lines
emanating from a broad fluorescent background. Well
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Figure 26. WGM lasing from a Nile-red-dye-doped smectic-A microfibre of 8CB in a 100-mM C16TAB water solution. (a) The lasing spec-
trum just above the threshold for lasing. (b) The lasing spectrum well above the threshold. (c) The intensity of the emitted spectral line
as a function of the laser excitation energy. The inset shows an enlarged part of the diagram close to the threshold for lasing. Reprinted

with permission of Optical Society of America, Ref. [102].

above the threshold, the lines are much stronger than
the background fluorescence. The structure of the lines
can clearly be attributed to the WGM spectra of the cav-
ity with a circular cross-section. The lasing shows a low
threshold and occurs at the exceptionally low value of
75 umJ/cm?, indicating a high Q-factor for the smectic-A
fibres.

10. Resonant transport of light in
microphotonic circuits

In electronic circuits, the transport of electrons between
different elements is achieved simply by establishing an
electrical contact between the electrically conducting ele-
ments. In photonic circuits, different photonic elements
are connected in a similar way, i.e., by joining the con-
fining surfaces of two photonic elements or by placing
them at a very short separation. Because of the wave
nature of light, the transport of light between separated
objects is realised by the tunnelling of photons between
the two objects carrying the light. This tunnelling of light
is described with the corresponding Maxwell’s equations
for an electromagnetic field.

There are two fundamental physical requirements that
have to be fulfilled simultaneously for the transfer of elec-
tromagnetic energy between two photonic elements, for
example, between a waveguide and a microcavity: (i) the
electromagnetic eigenwaves in both objects must over-
lap in some part of the space between the two objects;
(ii) the two fields must oscillate at the same frequency

and they have to be matched in their phases. The energy
between the two objects is then exchanged because of the
coupling of the two fields, or, more precisely, the evanes-
cent tails of the fields oscillating inside the objects and
decaying exponentially in their vicinity. Because of their
technical importance, the energy transport and coupling
of electromagnetic fields have been studied intensively for
photonic elements based on the solid state. Here, we shall
address the problem of the transfer of light between a pla-
nar optical waveguide and a spherical optical microres-
onator made of liquid crystals that is placed in close
proximity to the waveguide.

The geometry of the problem is illustrated in Figure 27.
A thin waveguide of refractive index n; and thickness
h is deposited onto a substrate of refractive index ng.
A spherical microresonator of radius Ry and refractive
index n, is in close vicinity to the waveguide, separated
by a gap d, as illustrated in Figure 27. The waveguide and
the microsphere are surrounded by an isotropic medium
of refractive index n,.

The waveguide supports traveling TE and TM elec-
tromagnetic waves, which are the solutions of Maxwell’s
equations in a planar geometry. Similarly, a spherical
microresonator supports its own eigenmodes, which are
the corresponding solutions of Maxwell’s equations in a
spherically confined geometry. Because both electromag-
netic fields are confined, there is an evanescent decay
of the fields in the vicinity of the surface of the waveg-
uide and the microresonator. When these two objects are
close enough, the evanescent fields of both objects start
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Figure 27. Schematics of the spherical microresonator, separated by a gap d from the planar waveguide below. The real part of the
electric field of light in the cavity and in the slab waveguide is shown. The mode in the 15-um-diameter cavity corresponds to the mode
numbersn = 1and/ = m = 125, whereas the mode in the 2.5-um-thick waveguide corresponds to the mode number g = 3. (a) Cross-
section in the plane parallel to the propagation of light that goes through the point of closest separation. (b) Cross-section in the plane
perpendicular to the propagation of light. Reprinted with permission of Optical Society of America, Ref. [108].

to overlap, which results in a coupling between the eigen-
modes of each system. Strictly speaking, we would have
to find new eigensolutions of a coupled system of two
objects. However, we can construct approximate solu-
tions of the electromagnetic waves of the coupled system
in a first-order approximation. The approximate solu-
tion will be a linear combination of the two isolated
eigensolutions, using a standard perturbative approach.
This coupled-mode approach is used in many areas of
physics and the corresponding mathematical formalism
is well known. The most important parameter here is the
overlapping integral, which measures the extent and the
strength of the coupling of two isolated systems.

Within the coupled-mode approach, we start with
a set of eigensolutions of Maxwell’s equations in the
planar waveguide [106] and in the spherical isotropic
resonator,[107] which are well known. The calculated
electromagnetic fields (see Figure 27) emanate from the
surface of the waveguide and the microsphere, and decay
exponentially into the surrounding medium.[108] The
penetration lengths depend on the material’s parameters
and are typically in the range of 100 nm. These evanes-
cent, exponentially decaying fields are therefore the only
source of coupling between the light fields in the waveg-
uide and the microcavity. Their spatial and temporal
overlapping determines the degree of coupling and con-
sequently the amount of energy that can be transferred
between the waveguide and the microresonator.

The overlap of the two electric fields is characterised
by calculating the integral in the (x,y) plane, which is

perpendicular to the direction of propagation, z:

.
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Figure 28. Calculated coupling efficiency for resonant-light
transport between the slab waveguide of refractive index n;
and an isotropic spherical cavity of refractive index ncat a fixed
surface-to-surface separation of 50 nm. The highest coupling
of nearly 50% is achieved for small refractive indices of the slab
(ns = 156), where a single-mode propagation is achieved. The
circle shows the values of the indices of both materials used
in the experiment, as explained in the continuation. In the
experiment, we expect a coupling efficiency of 20%. Reprinted
with permission of Optical Society of America, Ref. [108].
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Here, the subscripts “s” and “c” denote the slab and
the cavity, respectively, N. and NS are the normalisa-
tion constants, and EC and ES are the electric fields of
the eigenmodes in the waveguide and the microsphere,
respectively. The degree of coupling between the waveg-
uide and the microsphere is determined by the coupling
coeflicient «, which is calculated by integrating 1.(z)
along the direction of light propagation (z), while taking
into account the phase mismatch:

vV Nsc(2) - Nes(2) - eXP[i(,Bs -

:Bc,eff(z))]dz
(2)

While moving from the point of closest separation,
the overlap integral ny.(z) rapidly decreases because the
evanescent fields decay exponentially the further they are
from the surface. At the same time, the mismatch of the
phases of the two light fields results in rapid spatial oscil-
lations, which also reduce the coupling efficiency. The
two propagation constants s and B should be as close
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as possible in order to minimise the phase mismatch of
the two light fields and to maximise the coupling. This
can be done by selecting an appropriate refractive index
and thickness for the waveguide.

To find the optimum parameters for the resonant light
transfer, the coupling efficiency was calculated for differ-
ent refractive indices of the waveguide and the cavity, and
is shown in Figure 28. This analysis is the first step in
the preparation of the experiments on the resonant trans-
port of light. Fine tuning of the refractive indices of both
the waveguide and the microresonator are crucial for the
efficient transport of light between them.

The experiments on the resonant transport of light
were performed using the set-up shown in Figure 29. A
hybrid polymer with a high refractive index n, = 1.675
was spin coated onto a microscope glass slide. The
obtained thickness was 2.5pm. A prism-film coupler
[109,110] was positioned on top of the polymer waveg-
uide to transfer a spectral band of 60 nm from a super-
continuum (white) laser. It was estimated that 6 modes
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Figure 29. (a) Schematic diagram of the experimental set-up. The light is coupled to the film by a high-refractive-index prism. This light
is resonantly transferred to the liquid-crystal microdroplet floating in the water. The light from this droplet is captured by the microscope
objective and spectrally analysed. (b) Image of 5CB microdroplets floating in water-SDS solution. We can clearly see reddish spots at
the equator of each droplet, indicating the WGMs in the droplet. (c) Spectral image showing the intensity of the light emitted from the
microdroplet. Note the two bright spots due to the emission from the WGM:s. (d) Spectrum of light from a 6-um-diameter 5CB droplet,
which demonstrates the WGM resonances. Reprinted with permission of Optical Society of America, Ref. [108].
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could be guided in this polymer film on the glass. A
small glass cell was constructed near the prism coupler,
which was filled with a water dispersion of liquid-crystal
microdroplets, as shown in Figure 29.

Because of gravity, the larger droplets of 5CB gradually
precipitate to the bottom of the measuring cell, which is
the surface of the waveguiding-polymer film. In this situ-
ation, we can clearly observe bright spots on the droplets,
which confirm that light has been transferred from the
polymer waveguide into the liquid-crystal droplets. The
transferred light is circulated inside the droplets in the
form of WGMs. Because these are leaky modes, some
light is emitted from the droplets and can be observed
as a bright spot shining towards the microscope objec-
tive. Smaller droplets show only one bright spot on the far
side of the droplet, which indicates an immediate leak-
ing of the light out of the droplet after it is resonantly
transferred to the droplet.

The analysis of the spectrum of emitted light from
these bright spots is shown in Figure 29(d) and clearly
indicates WGM resonances. Although this experiment is
far from being optimised in terms of refractive indices
and maximum coupling, it demonstrates a proof-of-
principle that light can be resonantly transferred between
soft-matter objects of different shapes in close proximity.

11. Fast and ultra-fast all-optical response of a
nematic liquid crystal

Liquid crystals are superior optical materials for large-
area displays, but it is generally considered that their
collective and slow millisecond response makes them
useless for ultra-fast optical applications. However, it was
overlooked in the past that liquid crystals could in fact
respond optically very quickly, even on a sub-picosecond
timescale, although it is well-known that in ordinary lig-
uids, it is possible to induce the ultra-fast Kerr effect using
the strong electric field of the optical impulse.

When considering the application of liquid-crystal
microphotonic devices, which have already been
explained in this paper, in fast (gigahertz) and ultra-fast
(terahertz) integrated optical circuits, there are actually
(at least) two options:

(i) Modulation of the refractive index of a material that
forms the gap between two evanescently coupled
liquid-crystal micro-elements (such as a fibre and a
sphere) by an intense, ultra-fast laser impulse. This
modulation will induce a change in the coupling of
the two elements and therefore changed the con-
ditions for the resonant transfer of light from one
element to the other. This concept is energetically
extensive, since strong pulses (millijoule of energy

per pulse) are needed to change the refractive index
by a significant amount, i.e., of the order of 1074,

(ii) Instead of using strong optical pulses to change the
refractive index, and consequently the optical reso-
nance conditions, or to re-direct the light, we could
use fluorescence to generate short optical pulses,
whose flow could be controlled by the STimulated-
Emission Depletion (STED) effect. This effect was
used by S. W. Hell and J. Wichmann in 1994 [111]
as a method for bypassing the refraction limit of an
optical microscope. It will be shown in the continu-
ation that STED could be used for the nanosecond
control and optical pulse shaping in a fluorescently
doped liquid crystal.

It was demonstrated in the 1990s that nano- and
picosecond-induced molecular orientation in nematic
liquid crystals and dye-doped nematic liquid crystals
could result in the very fast, all-optical response of a
nematic liquid crystal as a result of the optical Kerr
effect.[112-121] However, no quantitative measurements
of the induced refractive index were reported, which
made it difficult to consider the optical Kerr effect
as a candidate for the ultra-fast, all-optical control of
light in microphotonic devices based on liquid crystals.
Recently, Borshch et al. [122] demonstrated the tens-of-
nanoseconds response of the refractive index of a nematic
liquid crystal by applying an intense electric field to a
thin layer of a nematic liquid crystal. The applied elec-
tric fields were of the order of 100 V/um, and the field
was applied using standard transparent indium-tin-oxide
electrodes. Driving the fast optical response of a liquid
crystal by applying the electric charge in a capacitance-
resistor geometry has inherent limitations because of the
time constant of such an electric circuit. It causes elec-
trical latency and delays, which are well known in fast
microprocessor devices and circuitry.

The origin of this nanosecond response is in the
enhanced degree of orientational order of the liquid-
crystal molecules. The molecules are forced to align along
the strong electric field that temporarily changes the
molecular orientational distribution. In terms of phase
transitions and order parameters in the nematic liquid
crystal, such an intense electric field couples quadratically
to the magnitude of the order parameter S and induces
a very fast transient refractive index. Alternatively, this
can be considered as a coupling of the external electric
field to the order parameter modes, known as the “hard
modes” of the tensorial order parameter. The relaxation
frequencies of these modes are typically in the megahertz
to gigahertz spectral region, which roughly corresponds
to the timescale of the transient phenomena observed by
Borshch et al.



On the other hand, in ordinary liquids the electric field
of a strong light pulse is known to modify the refractive
index of the liquid via the optical nonlinear Kerr effect
on a timescale of 100 fs to a picosecond. In this nonlin-
ear process, the electric field of light is directly affecting
the molecular electron-density distribution, while other
molecular degrees of freedom remain unaffected. The
ultra-fast nonlinear response is thus orders of magnitude
faster than other optical phenomena in liquids. Because
of the ultra-fast response of the molecular electron den-
sity, the liquid can be considered as frozen in time, since
other degrees of freedom are not important for such short
times. Another advantage of the optical Kerr effect is that
the electric field is applied in a contactless manner via the
electromagnetic wave and has no limitations in terms of
pulse duration.

It was recently reported that it is possible to induce
an ultra-fast change of the refractive index of a typical
nematic liquid crystal 5CB of the order of 10~* on a
timescale of 500 fs and at a fluence of 4 mJ/cm?, which
corresponds to an electric field of 660 V/um.[123] The
experiment was performed on a 23-um-thick planar cell
of 5CB between two quartz glass slides. The laser-induced
birefringent dynamic was studied using a time-resolved
stroboscopic optical pump-probe technique with an

(a)
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amplified Ti:sapphire laser, as shown in Figure 30. The
laser beam was split with a 85%-15% beam splitter to set
up a non-collinear pump-probe scheme and the probe
beam was doubled in frequency with a nonlinear barium-
boron-oxide crystal. Both beams were linearly polarised,
delayed with respect to each other and superimposed on
the sample.

Well within the first picosecond of the light pulse,
we can clearly observe ultra-fast transience both in
the normalised relative transmission of the sample
(Figure 30(b)) and in the rotation of the probe beam
polarisation (Figure 30(c)). The change in the transmis-
sion of the sample is the result of the refractive-index
change of the sample during the application of the intense
laser pulse. This nonlinear-optical-Kerr-effect-induced
change of the refractive index modifies the reflectivity at
the glass-cell/liquid-crystal interface, and therefore also
the transmission of the sample. The optical Kerr effect
response is a maximum when the pump beam is ori-
ented along the director, and decreases strongly when
the polarisation of the beam is turned perpendicularly
to the director. This anisotropy of the nonlinear optical
Kerr effect disappears in the isotropic phase. The experi-
ment suggests that cyano-biphenyl liquid crystals (such
as the n-CB family) are anisotropically Kerr-active in
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Figure 30. Ultra-fast response of a nematic liquid-crystal 5CB due to a 100-fs excitation pulse in a pump-probe experiment. (a) Scheme of
the pump-probe experiment, where x is the pump linear polarisation axis and y is the probe linear polarisation axis. (b) Time dependence
of the normalised relative transmission of the sample with the pump (excitation) polarisation along the director. The fluence of the pump
beam is 4 mJ/cm?, which corresponds to an electric field of 660 V/um. (c) Time dependence of the rotation of the polarisation of the
probe beam for pump polarisation along the director. Reprinted with permission of Optical Society of America, Ref. [123].
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their ordered phase and that the dominant Kerr con-
tribution is obtained with the electric field of light set
along the molecular axis. The Kerr-induced birefringence
was estimated from the measurements of reflectivity and
polarisation rotation (Figure 30(c)) to be 10~* in a time
of 500 fs. In contrast to the reflectivity (Figure 30(b)), the
rotation of polarisation shows wing-like features, which
depend on the polarisations of the pump and probe
beams. The analysis shows an ultra-fast transience, which
is present for all the pump polarisations and corresponds
to 2.7 THz. Interestingly, the 5CB nematic liquid crystal
shows its most characteristic terahertz signature exactly
in this range.[124,125] This can be explained in terms
of optically induced vibrational modes, i.e., intramolec-
ular vibrations, excited through a non-resonant channel,
i.e., by stimulated Raman scattering. Since the frequency
bandwidth of the pulse is of the order of 3 THz, it contains
both frequencies required to excite the low-frequency
singular vibration modes of 5CB, collectively oscillating
along the pump polarisation. When the pump polarisa-
tion is along the director, these single molecule vibrations
are coherently excited and result in an enhanced optical
Kerr response, oscillating at 2.7 THz.

Although the nonlinear optical response of a nematic
liquid crystal to a strong optical pulse is very fast and
therefore promising for photonic applications, the elec-
tric fields that are involved in these experiments are
extremely high, of the order of 600 V/um. This raises
the question of whether there is another way of gen-
erating and controlling sub-nanosecond optical pulses
in nematic liquid crystals using an all-optical and low-
power scheme.

Fluorescence

It is well known from fluorescence spectroscopy that
it is possible to create extremely short optical pulses by
the optical excitation of fluorescent molecules. These
processes are very well understood and the energy
scheme of fluorescent excitation and emission is shown in
Figure 31.

In 1994, Hell and Wichmann proposed a new con-
cept for the optical imaging of fluorescent samples, which
allows the classic diffraction limits to be bypassed. The
idea is based on using two laser beams of different
colours. Both beams are pulsed beams with a sequence
of very short and time-correlated light pulses. The first
pulse beam is used as the fluorescence excitation beam
and has a Gaussian cross-section. After pulsing through
the microscope objective, it is focused on a diffraction-
limited spot with a typical diameter of 250 nm. A fluo-
rescently labelled sample is then placed in the focus of
this fluorescence excitation beam. Each light pulse of the
beam excites the electrons of the illuminated molecules
into the upper excited level. However, before the elec-
trons spontaneously relax into the ground state and emit
fluorescent photons, another light pulse illuminates the
excited area. This second light pulse has two important
characteristics:

(i) The cross-section of the second light pulse is
doughnut-like; it has a bright ring and dark centre. It
is generated when a Gaussian beam passes through
a specially designed phase plate, which transforms
the Gaussian beam into a so-called Laguerre beam.
Because of the dark centre, the central region of the
illuminated spot remains unaffected.
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Figure 31. Schematic drawing of the electron energy levels and the electronic fluorescence transitions in a typical fluorescent molecule.
(a) An electron from the molecular ground state L, is excited via the absorption of a blue photon w1 from the fluorescence excitation
source. Once in the upper energy level Ly, the electron relaxes via molecular vibrational levels to the lowest energy of the excitation band
L,. From this state, the electron is relaxed back to the ground electronic state via the emission of a red-shifted photon w,. This process is
known as a fluorescence. (b) In an STED process, the electrons are first excited to the upper molecular levels via blue photon absorption.
(c) When in the excited state, before the spontaneous fluorescence takes place, a resonant STED beam is sent to the fluoropores, which
induces the stimulated transition of electrons from the excited to the ground state. Each STED photon creates an identical photon with

stimulated emission.



(ii) The wavelength of the second light pulse (typical
duration 100 ps) is selected so that it causes stim-
ulated emission from the electrons in the excited
molecular levels. Remember that this second pulse
hits the excited molecules before they had enough
time to spontaneously emit the fluorescent pho-
tons. In the stimulated emission, each photon cre-
ates an exact copy of itself, which means that the
second pulse takes the light away along the direc-
tion of its propagation. In the microscope setup,
we observe the fluorescent reflectivity of the sam-
ple, which means that this stimulated emission will
take the light away from the direction of observation.
However, this will only happen for the illuminated
ring of the Laguerre beam. The centre, which is dark,
will of course emit the fluorescent light, since it was
not affected by the STED pulse.

The dimension of the dark centre of the Laguerre
beam is well below 100 nm, which means that the flu-
orescence will be emitted from very small spots, much
smaller than the classic diffraction limit. The typical size
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is 20-30 nm. By scanning the STED system across the
sample, we can acquire the fluorescent image of the sam-
ple with a resolution well beyond the classic diffraction
limit. We can see from the description of the STED
microscopy that it involves the control of light by light
on a fluorescent source. The STED impulse plays the
role of the gate-controlling pulse, which can switch the
fluorescent light on and off.

The idea of controlling the fluorescence of the sample
via the STED mechanism was recently used for nanosec-
ond control and optical pulse shaping by STED in a
nematic liquid crystal.[126] The fluorescent sample was
an 8CB liquid crystal that is in the smectic-A phase at
room temperature. A small amount of fluorescent Nile-
red dye was added to the 8CB. This molecule is known
to align its radiative dipole moment along the long axis
of the 8CB molecules. In a planar cell, the liquid-crystal
molecules as well as the dye molecules are aligned along
the rubbing direction. We expect a strongly polarised
STED effect in such a sample.

The STED setup is presented in Figure 32. The light
source is a pulsed supercontinuum laser, which emits
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Figure 32. Setup for the STED experiment. White light from the laser is split into two beams of perpendicular polarisations by a polarising
beam-splitter. For the excitation beam (green), we chose the wavelength band with a bandpass filter (F1). The beam passes through
a continuous neutral density attenuator (A1) and is coupled into a polarisation-maintaining single-mode optical fibre (PMSMF1). The
light is collimated at the fibre output. The STED beam wavelength (red) is chosen by a dispersing-prism-based wavelength selector by
simply changing the position of the slit. This beam also passes through a continuous attenuator (A2) and is coupled into the polarisation-
maintaining single-mode fibre (PMSMF2) to be cleaned of higher optical modes. Collimator C2 is mounted so that it can be translated
along the optical axis and rotated around it. This enables a change of the optical path and the rotation of the STED beam polarisation.
After collimation at the fibre outputs, both beams are joined by a dichroic mirror (D1) that reflects wavelengths shorter than 638 nm.
The beams are carefully aligned and sent into the microscope through its backport. They are both reflected to the sample on a dual-
edge dichroic mirror (D2) and focused through a 60x water-immersion objective. The fluorescence (yellow) is transmitted through the
dual-edge dichroic mirror (D2) and bandpass filter (F2) and sent to one of the detectors. M1, M2, M3, M4: mirrors, DP: dispersive prism,
CL: cylindrical lens, S: shutter, FP1, FP2: fibre ports, MMF: multi-mode fibre. Reprinted with permission of Optical Society of America, Ref.
[126].
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Figure 33. Controlled shortening of the emitted fluorescence by applying a time-delayed STED pulse. (a) The STED pulse was delayed
for 6 ns. Note the sudden decrease of the fluorescence to zero after a 150-ps STED pulse was applied. The delay time of the STED pulse
was gradually shortened in (b)—(e), which resulted in shortening of the emitted fluorescent light. The delay time was roughly estimated
from the optical path measurement with an uncertainty of 50 ps. The red dotted line shows the spontaneous fluorescence when no STED
pulse is applied. Reprinted with permission of Optical Society of America, Ref. [126].

unpolarised white laser light within a continuous spec-
trum ranging from blue to infrared. The pulse width
of the pulsed laser is 150 ps and the repetition rate is
1 MHz. The beam is split into two beams of perpen-
dicular linear polarisations, one of which serves as a
fluorescence-excitation beam and the other as an STED
beam. The wavelengths of the excitation and the STED
beams are selected and delayed with respect to each other
with a tuneable delay line. Afterwards, these two beams
are recombined, centred, and sent to the fluorescent 8CB
sample through the microscope objective. The illumi-
nated spot is then either observed through a camera or
analysed with a fast digital oscilloscope.

Details of the STED imaging characteristic, such as
the polarisation dependence in the smectic-A, nematic
and isotropic phase, can be found in.[126] Here, we will
concentrate on the time characteristics of STED, which
are presented in Figure 33. In this set of oscilloscope
images, the STED pulse is delayed by a variable time,
starting from 6 ns in Figure 33(a) and ending at 100 ps
in Figure 33(e). We can clearly see the effect of the
incoming STED impulse, which instantaneously darkens
the fluorescence emission. By shortening the delay time,
the remaining fluorescent impulse becomes shorter and
shorter, until at a 100-ps delay we lose the fluorescent
signal completely. This is clear evidence that it is possi-
ble to generate, in a controlled way, light impulses with a
duration of at least 1 ns. In fact, this experiment is limited
by the digital signal sampling, which is 4 GHz and corre-
sponds to 250 ps. Most probably, light pulses shorter than
1 ns could be generated as well.

The STED shaping of fluorescence pulses is not limited
to a single fluorescent impulse. It was demonstrated that

by splitting the fluorescent impulses into two beams with
time-delayed pulses, two consequent fluorescent pulses
could be controlled as well. This clearly demonstrates that
arbitrary sequences of fluorescent pulses with an arbi-
trary delay and pulse width can be created by realising
the STED control in an appropriately designed optical
scheme.

12. Conclusions

The aim of this review paper was not only to present a col-
lection of individual papers related to the microphotonics
of liquid crystals, but also to give a coherent view of what
integrated liquid crystal microphotonics might become
in the future. The author regrets that he was unable to
cover other very important aspects of photonic appli-
cations of liquid crystals, simply because of the limited
length of this review paper. Many interesting photonic
applications are based on macroscopic liquid-crystalline
cells, where surface patterning, photoalignment and con-
trol of light by light were used.[127]

These ideas were developed over the past 10 years,
starting with attempts, later successful, to assemble pho-
tonic crystals from colloidal particles in nematic liq-
uid crystals. Looking back, we can say that there was
no clear roadmap, nor any very-well-developed idea of
what liquid-crystal microphotonics might be. Instead,
the research was driven by our curiosity about colloidal
assembly in nematic liquid crystals at an early stage.
Later, around 2009, the idea of using liquid crystals them-
selves to form spherical and cylinder-like structures was
developed in detail. This resulted in the exciting obser-
vation of tuneable WGMs in nematic droplets, lasing



in nematic droplets, lasing and waveguiding in smectic
microtubes and omni-directional 3D lasing from chiral
nematic microdroplets.

On the other hand, the work on colloidal assembly
not only resulted in the formation of nematic colloidal
crystals in 2D and 3D, but also led to the discovery of
the entanglement of colloidal particles by defect loops.
This observation opened a completely novel direction
for exploring the topological properties of nematic liquid
crystals with inclusions. The strange behaviour of liquid
crystals, such as the knotting and linking of colloidal par-
ticles with a single or a multitude of defect loops, is not
only interesting per se, it could also be used as a mecha-
nism for the permanent and complex binding of colloidal
particles in nematic liquid crystals by defect loops. In this
way, we could “reinvent” the use of ropes, which actually
re-appear throughout the history of mankind in differ-
ent forms. However, these are “topological” ropes, which
could in future be used to bind together microphotonic
elements in liquid crystals.

Of particular interest for the future of integrated
microphotonics is the nature of the photonic genera-
tion, transport, and redirection of light. Unlike electrons,
which can be accelerated and redirected by the force of
an electric field, there is no such mechanism for pho-
tons; they cannot be accelerated or stopped by external
fields and they do not interact with each other directly.
This means that we need matter and the interactions of
photons with matter to control the flow of photons. It
seems that fluorescence is a very powerful phenomenon
of this sort; it is a fast phenomenon, it uses low power
and it could be designed both in terms of chemistry and
material properties. In the future, fluorescence control in
liquid-crystal-integrated microphotonics will most likely
be used to realise fast, and presumably ultra-fast, circuitry
based on self-organised liquid crystals and other forms of
soft matter.
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