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Abstract

This thesis investigates the use of single liquid-crystal droplets as optical microresonators and
lasers. We have shown that liquid-crystal droplets can support a number of different optical
modes that can be excited by introducing a fluorescent dye in the liquid crystal material and
using an external excitation source of light. These optical modes are in general different from
the ones in isotropic materials, because of birefringence of the liquid crystals and specific
configurations of the director field within the droplet. The droplets were prepared just by
mechanical mixing of a liquid crystal material and another non-miscible fluid. The director
structure in the droplets self assembles to minimize the elastic energy. To measure the
optical properties of the microresonators an optical setup was built that includes a pulsed
laser for excitation and a spectrophotometer for spectral analysis. Regarding the type of
liquid crystalline material used for the droplets and the type of optical modes supported in
the droplets, the thesis is basically divided into two parts.

In the first part, nematic liquid crystal is used to make the droplets. It has been shown
that the nematic droplets confine light by total internal reflection and therefore support
whispering-gallery modes. At higher peak intensities of the pump laser, low threshold mul-
timode lasing has been achieved. The optical modes were tuned by electric field, temperature
and mechanical deformation. In the case of applying electric field, the nematic director ori-
entation changes locally, so that the circulating light sees a change in the refractive index.
On the other hand, by changing the temperature only the order parameter is altered, which
results in the change of both ordinary and extraordinary refractive indices. In the case of
mechanical deformation, only geometrical path length is changed with the applied strain,
like it would happen also in an isotropic droplet. It has been shown that the response to
electric field and temperature is much larger than reported before in the literature for other
materials. By applying just an electric field of few V/µm or changing the temperature by
few ◦C, the modes shift by more than 10 nm in visible light. By using a nematic droplet
floating in water, also a chemical sensor was demonstrated. The surfactant molecules, which
concentration we want to measure, adsorp to the surface of the liquid-crystal droplet and
change the anchoring and therefore also the director configuration in the droplet. This re-
sults in a change of the optical properties of the droplet and therefore the frequencies of the
optical modes. The spectrum of light captured from such a droplet serves as an indicator of
the presence of the surfactant in the surrounding water.

In the second part of the thesis, cholesteric liquid crystals with selective reflection in
visible light were used to make the droplets. The cholesteric liquid crystal in the droplet
self assembles so that the helical axis is pointing from the center in all the directions to the
surface of the droplet. The structure is acting as a spherical Bragg onion microcavity with
periodic modulation of the refractive index that confines the light into the center of the
droplet. By having a fluorescent dye in the LC and illuminating the droplet by an external
pulsed laser, the droplet starts to emit laser light in all the directions. In this way we have
made a 3D laser, a coherent isotropic point source of light. The spherical cholesteric laser
is one of the first lasers emitting in all the directions and also one of the easiest lasers to
make in general. The laser is also highly tunable by changing the temperature.
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Povzetek

Doktorsko delo obravnava uporabo posameznih tekočekristalnih kapljic za optične mikrore-
sonatorje in laserje. Pokazali smo, da so v tekočekristalnih kapljicah možni številni optični
nihajni načini, ki jih vzbudimo s pomočjo zunanjega vira svetlobe in fluorescentnega barvila
razporejenega v tekočem kristalu. Optični nihajni načini v kapljicah tekočega kristala so
v splošnem drugačni od tistih v izotropnih snoveh. Razlog je dvolomnost tekočih kristalov
in posebne ureditve tekočekrstalnega direktorja znotraj kapljice. Kapljice smo pripravili z
enostavnim mehanskim mešanjem tekočega kristala in druge tekočine v kateri tekoči kristal
ni topen. Struktura direktorja se v posameznih kapljicah uredi tako, da minimizira elastično
energijo. Za namene proučevanja optičnih lastnosti kapljic, smo sestavili optični sistem, ki
vključuje pulzni laser za vzbujanje kapljic in spektrofotometer za spektralno analizo. Glede
na uporabljeno vrsto tekočega kristala in na tip optičnih načinov v kapljicah, je doktorska
disertacija razdeljena na dva dela.

V prvem delu smo kot material za pripravo kapljic uporabili nematski tekoči kristal.
Pokazali smo, da zaradi totalnega notranjega odboja, nematske kapljice zadržujejo v svoji
notranjosti svetlobo in zato v njih obstajajo tako imenovani whispering gallery nihajni na-
čini. Pokazali smo tudi, da ob vzbujanju z vǐsjo intenziteto, že pri zelo nizkem pragu,
kapljice pričnejo oddajati večrodovno lasersko svetlobo. Optične nihajne načine lahko ugla-
šujemo s pomočjo električnega polja, temperature ali mehanske deformacije. Ko na kapljico
priključimo električno napetost, v njeni notranjosti lokalno spremenimo smer nematskega
direktorja, kar vpliva na lomni količnik, ki ga vidi svetloba na poti po robu kapljice. S
spremembo temperature, pa se po drugi strani spremeni samo nematski red, kar vpliva na
spremembo rednega in izrednega lomnega količnika. Pri mehanski deformaciji kapljice, pa
se spremeni geometrijska dolžina poti po kateri potuje svetloba, pri čemer je učinek enak kot
v izotropni kapljici. Pokazali smo, da je vpliv električnega polja in temperature precej večji
kot pri doslej v literaturi objavljenih rezultatih za drugačne materiale. Z električnem poljem
le nekaj V/µm, ali spremembo temperature za samo nekaj ◦C, se optični nihanji načini v
vidni svetlobi premaknejo za več kot deset nanometrov. Nematske kapljice dispergirane v
vodi smo uporabili tudi kot kemične senzorje. Molekule surfaktanta, ki ga hočemo zaznati,
se adsorbirajo na površino kapljice in s tem spremenijo sidranje tekočega kristala ter po-
sledično smer nematskega direktorja v kapljici. To pomeni, da se spremenijo tudi optične
lastnosti kapljice in zato tudi optični nihajni načini vzbujeni v kapljici. Z meritvijo spektra
svetlobe, ki ga oddaja kapljica, lahko določimo prisotnost surfaktanta v vodi.

V drugem delu doktorske disertacije smo za pripravo kapljic uporabili holesterični tekoči
kristal, ki ima selektivno refleksijo v vidni svetlobi. Tekoči kristal se v kapljici samouredi
tako, da je vijačnica usmerjena iz centra v vse smeri proti površini kapljice. Tako tvori
čebulasto Braggovo strukturo s periodično modulacijo lomnega količnika, ki zadržuje sve-
tlobo v kapljici. Če imamo v tekočem kristalu še fluorescentno barvilo in barvilo vzbujamo
z zunanjim pulznim laserjem, kapljica prične oddajati lasersko svetlobo v vse smeri v pro-
storu. Tako smo naredili 3D laser, ki je koherentno isotropično točkasto svetilo. Sferični
holesterični laser je en izmed prvih laserjev, ki oddaja svetlobo v vse smeri. Je tudi en izmed
laserjev, ki ga je v splošnem najlažje narediti. S spreminjanjem temperature lahko laser tudi
uglašujemo v velikem območju.
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Abbreviations

5CB = 4’-pentyl-4-biphenylcarbonitrile
a.u. = arbitrary units
AOD = acousto-optic deflectors
CLC = cholesteric liquid crystal
CROW = coupled resonator optical waveguide
CW = continuous wave
DAC = digital-to-analog converter
DCM = 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran
FCPM = fluorescence confocal polarizing microscopy
FSR = free spectral range
FWHM = full-width at half-maximum
IR = infrared
LC = liquid crystal
MDR = morphology-dependent resonance
MF = melamine formaldehyde
ND = no data
Nd:YAG = neodymium-doped yttrium aluminium garnet
NIR = near infrared
NLC = nematic liquid crystal
PBG = photonic bandgap
PDLC = polymer dispersed liquid crystal
PDMS = polydimethylsiloxane
PVA = polyvinyl alcohol
SDS = sodium dodecyl sulfate
SPP-106 = rhodamine B tetradecyl ester chloride
UV = ultraviolet
WGM = whispering-gallery mode
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1 Introduction

In recent years, great attention has been paid to the development of micro-optical com-
ponents and integrated optic circuits. Small size, easy and cheap manufacture, high speed,
nonlinear properties and tunability are the main properties that scientist and companies are
searching for. Especially tunability is very difficult to achieve just using solid state compo-
nents. Nowadays, top down approach, mostly lithography is used to manufacture optical
micro-components. In the future, bottom up approach with self assembly could be a better
way to produce smaller and cheaper devices.

One of the most important optical components are optical microcavities [1]. These
structures resonantly couple light to small volumes, that is on the order of a small multiple
of the optical wavelength. Like mechanical oscillators, they support resonant frequencies
that are dependent on their size. The smaller the cavity, the further the resonant modes
are from each other. In this case less modes are going to be excited, achieving for example
single mode lasing. Smaller size also means stronger coupling of light with matter. Ideal
resonator would have infinitely sharp resonances and would confine light indefinitely. In real
resonators this is not possible because of the losses such as absorbtion and radiation loss.
The resonant Q-factor gives how much time the light is confined in the resonator in terms
of optical period. From the Q-factor we can calculate the spectral width of the resonance.
There are three kinds of confinement of light in microcavities, by total internal reflection,
by a periodic structure and by plasmons. These three types of microcavities give increasing
confinement of light, in the plasmon case even below the diffraction limit.

By adding an active material to the microcavity, microlasers can be made. So far, lasing
has been achieved in a number of different dielectric microstructures, such as photonic crystal
defect microcavities [2], micropillar cavities [3], whispering-gallery microcavities [4], a 3D
photonic crystal of the liquid-crystal blue phase II [5], and has been combined with plasmon
resonances in nanosized laser sources [6, 7].

Optical microcavities are already used in commercial applications such as laser diodes
that we can find in a variety of products including CD, DVD and BluRay players. For basic
research the microcavities provide an excellent platform to study strong coupling between
light and matter (cavity quantum electrodynamics - QED), atom optics and other fields of
photonics and nanophotonics.

1.1 Whispering-gallery modes

One type of microresonators are made of transparent dielectric spheres or planar circular
structures with typical radius of 10 − 50µm [8]. If the refraction index of the sphere is
grater than the index of the outside medium the light can be trapped inside the sphere as
a consequence of total internal reflection (Figure 1a). If the circulating light returns to the
same point in phase, we get resonant standing waves (Figure 1b). This resonant modes
are referred to as whispering-gallery modes (WGMs) or morphology-dependent resonances
(MDRs). The first name comes from Whispering Gallery, the dome of St. Catherine’s cathe-
dral in London where L. Rayleigh observed and analyzed sound bouncing of the dome walls.
Sometimes they are called also optical atoms, since the electric field distribution resembles
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wavefunctions in hydrogen atom, as well as the three mode numbers and polarization are
equivalent to the three quantum numbers and spin in hydrogen atom.

Figure 1: Schematics of WGMs. a) Geometrical optics and b) wave optics representation of whis-
pering gallery modes.

WGMs are especially interesting because of their high Q-factors. In silica microspheres
the Q-factor can be as high as 8 × 109 [9]. This is possible because of very low optical
loss of bulk silica and nearly perfect surface. As a starting material a commercial optical
fiber is usually used. The tip of the fiber is melted with a high power laser or an oxygen-
hydrogen torch. Surface tension creates nearly perfect sphere with very smooth surface.
The advantage of using optical fiber is that the fibers are made from very clean materials
that have very low optical losses. But the loss limit is usually determined by the surface.
Just exposure to the air can significantly lower the Q-factor because of the formation of -OH
groups on the surface. Spherical microresonators are also interesting because the solutions
of Maxwell equations in spherical microresonator are analytical, which can help to better
understand the physics behind. Instead of a sphere, toroidal resonators are also used.
They are made from silica on a silicon wafer using lithographic methods [10]. Microtoroid
resonators with Q-factors as high as 108 were made [1].

Because of their small size and high Q-factors they are perfect candidates for miniatur-
ization and integration of sensors and optical systems. Despite these advantages there is
still a long way towards real life applications. In laboratories a wide range of applications
were demonstrated [11] such as microlasers, narrow filters, optical switching, ultrafine sens-
ing, displacement measurements, high resolution spectroscopy, Raman sources, enhancement
and suppression of spontaneous emission and studies of nonlinear optical effects. Impres-
sive results have been achieved so far. With new materials and microfabrication techniques
there is still a lot of space for improvement. In the near future a wide range of commercial
applications using WGMs is expected.

1.1.1 Tunable WGMs

One important aspect of WGM microcavities is to be able to change the resonant frequencies
in real time. The frequencies are tuned by changing the optical path of the light, by either
changing the refractive index of the resonator or by changing the physical dimension of
the resonator. This can be done in a number of different ways including electric field,
temperature and mechanical strain. The electric tuning is especially interesting since it is
usually fast and can easily be integrated into current electro-optical circuits. Even though
most of the resonators are made of a solid material, which optical properties can not be
changed much, we can still change the refractive index of the cladding layer. This effects
the evanescent field extending out of the resonator enabling tunability, however to a smaller
extent. A microresonator can be for example immersed in a liquid crystal and a voltage
is applied across the system [12, 13]. Because the evanescent field represents only a small
fraction of the total electric field of the WGMs, the tunability is much lower than when
having the liquid crystal inside the cavity. Maune et al. [12] report 0.01% tunability by
applying 2V/µm using silicon-on-insulator ring resonator embedded in a LC. Piegdon et
al. [13] have achieved tunability of 0.5% when applying very low fields of 300V/cm to a
3µm GaAs microdisks with InAs quantum dots embedded in 5CB. However, the reported
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mode shift is nonreversible when the field is switched off and only heating to isotropic phase
brings the system back to the original state. Another way of tuning the modes is to make
the resonator out of a solid state material that has large electro-optic effect. However,
the effect is much lower than in LCs. Wang et al. [14] report WGM shifts of 0.006%
by applying 1.5V/µm in lithium niobate microring resonators. Electric field can also be
applied to droplets. Kiraz et al. [15] reports tuning WGMs in liquid microdroplets standing
on superhydrophobic surface using electrowetting. The tunability in this case is 0.8% when
applying electric field of 2.9V/µm.

Figure 2: Two examples of tunable WGM resonators. a) Electrically tunable microring resonator.
Liquid crystal cladding layer and two electrodes (bright patches on the left and right of the ring)
are used to change the refractive index outside the resonator. Reprinted with permission from [12].
Copyright 2003, American Institute of Physics. b) Mechanical tuning of a bottle microresonator by
stretching. Reprinted with permission from [16].

Another way of tuning is by changing the temperature, which changes the refractive
index of the resonator or its physical size. Usually the effect of temperature is quite small
for solid state materials and for example tunability of 10 pm/K at 1.5µm was achieved
in silica [17]. In the case of soft materials like PDMS, the tunability is larger, 0.3 nm/K
at 1.5µm was shown [18]. Liquid crystals were employed before for temperature tuning
of WGMs, but again just as a cladding. Temperature tuning of 8 nm at 1.2µm has been
demonstrated [13]. Due to their high Q-factors the WGMs can also be used as very precise
temperature sensors [17,18].

Tuning by mechanical deformation has been achieved in a number of different geometries
and materials. Two examples are droplets of a liquid in a PDMS polymer [19] and fused silica
microresonators (Figure 2b) [16]. In both cases the achieved tunability was approximately
1 nm in visible. Since it is possible to measure the deformation, also a force sensor can be
made in this way [20].

1.1.2 WGM microcavities for biosensing

One of the most interesting applications of WGMs is biosensing [10, 21, 22]. The WGMs
can interact with the environment outside the microsphere through evanescent field. A
particle on the surface or near the surface of a microsphere changes the optical path of
the light and/or the cavity loss. This causes a shift of the resonant frequency. Because
spherical microresonators have really high Q-factors, they are among the most sensitive
optical systems. In the case of a microresonator with Q = 108 and diameter 100µm the
light travels few tens of meters around the sphere and the particle on the surface is sampled
more than 100,000 times. In this way, it is possible to detect single molecules attaching to
the surface [10]. We can further functionalize the surface of the microresonator in order to
bind just specific molecules to the surface, in this way selective single molecules detection
is possible. Such detection has also been demonstrated in real life environment like blood
serum.
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Figure 3: Silica microtoroid resonator used for biosensing. a) SEM image of a microtoroid resonator.
b) Shift of a single WGM in time at three different concentration of target molecules. The steps
are single molecule binding events to the microtoroid. From [10]. Reprinted with permission from
AAAS.

1.1.3 WGM microcavities for filters and optical communications

The need for ever greater bandwidth in communications is growing continuously. Today
optical communication is widely used for long range transmission. To increase the bandwidth
of a single optical fiber, more wavelengths have to be used at the same time. Therefore,
the interest in optical filtering and switching is gaining interest in recent years. An optical
microresonator enables coupling between two optical fibers, forming a so called add/drop
filter [23]. Single frequency that matches the frequency of microresonator can be transferred
with low loss from one fiber to the other fiber. In the same way as a frequency is dropped
from the fiber another frequency can be added. The advantages of a microresonator in
comparison with other filters is its small size and potential for high density integration on
a chip. By electrically changing the refractive index it is also possible to dynamically select
the filtered frequency.

1.1.4 WGM ultralow-threshold microlasers

WGM resonators can be also used as laser sources. Lasing has been demonstrated in dif-
ferent microresonators such as liquid droplets, microspheres, microdisks and microcapilares.
Because of small cavity volumes and high Q values, submicrowatt optical pump lasing thresh-
olds can be achieved [1]. Usually a rare earth doped silica microsphere coupled to an optical
fiber is used. The frequency of the pump laser is adjusted so it matches one WGM. Above
the threshold one or more peaks that correspond to WGMs appear. Microresonator lasers
could extend the range of available laser wavelengths especially for compact systems like
semiconductor lasers.

1.1.5 Coupled WGM cavities

From applications point of view, also multiple coupled WGM microcavities are very inter-
esting. If two resonators are so close together, that their evanescent fields overlap and they
become coupled [23]. The light can tunnel from one to another (Figure 4). The process is effi-
cient only in the case when the frequencies of the resonators match perfectly. A single WGM
cavity is called optical atom, more of them together are called optical molecules [24, 25]. A
chain or cavities acts as a coupled resonator optical waveguide (CROW) [26] and serves as
an optical delay line. These structures are usually made by lithography with the size and
gaps controlled exactly.
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Figure 4: CROW simulation. Electric field intensity distribution in a chain of five touching micro-
spheres. Reprinted with permission from [27].

1.2 Circular and spherical Bragg microcavities

Apart from light confinement by reflection and total internal reflection such as in WGMs,
confinement by photonic structures is even more efficient. Dielectric photonic structures have
a periodic modulation of the refractive index with the period comparable to the wavelength
of the light. The periodic structure can be one-, two- or three-dimensional. On each period
of the structure a part of incident light is reflected and than constructively or destructively
interferes. Therefore, the light can be reflected from the structure, this effect is called
Bragg reflection. Bragg reflection is more known in the case scattering of X-rays from a
crystal lattice, which is exactly the same phenomenon, just at shorter wavelengths. For
the wavelength range that is reflected from the structure, we say that photonic bandgap
(PBG) exists. The frequencies in this range are forbidden inside the periodic material. The
PBG usually changes for different directions. Structures having the PBG are referred to
as photonic crystals. If the propagation of the same frequency range is forbidden in all the
directions in space and for all the polarizations, we have full photonic bandgap. Typically
the structures based on photonic crystals can confine light in a volume much smaller than
for example in the case of WGMs, however at the cost of lower Q-factors, that are up to
approximately 105 compared to 1010 for WGMs [1].

One type of PBG structures are the circular Bragg microcavities [28–30] and spherical
Bragg microcavities [31–34] made of concentric rings (planar structure, Figure 5a) or con-
centric shells (”onion” structure), respectively. Such structures are basically one dimensional
photonic crystals, but wrapped around the central point. Light going out from this central
point is reflected back by the periodic structure and is confined in the center. Spherical
Bragg-reflector microcavities, are particularly interesting because of their perfect rotational
symmetry in 3D. The PBG is independent of the direction of light propagation and the light
is strongly confined in all directions.

In non-layered spheres there are a large number of modes present, which can be tailored
to our needs only in a very limited way. But for a Bragg microcavity the layered structures
can be modified so that only a limited number of modes are possible. In contrast with other
3D photonic crystals such as opals, the refractive index contrast between the layers can be
arbitrarily small in order to generate full PBG. Therefore spherical Bragg microcavities are
useful in a number of ways. By placing an emitter in the center of the cavity, suppression
of the spontaneous emission and modification of the fluorescent decay rate can be achieved.
High intensity of the light trapped in the center enables nonlinear processes such as second
harmonic generation and in strong coupling of light with matter. Furthermore, such cavities
can be used for light sources such as microcavity lasers and electroluminescent devices.

A number of Bragg-onion resonator structures have been realized in 2D using standard
planar lithography (Figure 5a) and lasing has been demonstrated in these structures (Figure
5b) [28–30]. The natural step now would be to go into three dimensions. However, unfortu-
nately, it is quite difficult to manufacture any 3D solid-state microcavity [35]. There have
been several attempts to produce 3D Bragg-onion resonators by chemical synthesis [36] or
by combining etching and chemical vapor deposition [34], but to our knowledge, lasing has
not been achieved in these solid-state structures.
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Figure 5: 2D Bragg microcavity laser. a) SEM image of a laser made by lithography. b) Simulation
of electric field distribution in such a laser for the mode with the lowest angular modal number, that
has the maximum in the center of the microcavity. Reprinted with permission from [37].

1.3 Liquid crystals

Liquid crystals (LCs) are anisotropic fluids whose molecules have orientational and some-
times positional order [38]. The alligment direction is dictated by the external field or
confining surfaces. Nematic liquid crystals (NLCs) are the simplest case of liquid crystals
and are composed of rod-like molecules that are oriented in a particular direction and do not
have positional order. If the molecules of a NLC are chiral or another chiral molecule, called
chiral dopant, is added to the NLC, a helical twist is introduced. Such LCs are refereed to
as cholesteric liquid crystals (CLCs).

When an external AC electric field is applied to a NLC sandwiched between confining
surfaces, molecules tend to align with their long axes into the field direction to minimize the
elastic and electric energy. This causes collective reorientations of NLC molecules, and the
liquid crystal is elastically distorted. As the NLC molecules are usually strongly anchored
at the confining surfaces of the device, the elastic deformation provides restoring torques,
which drive the NLC into original configuration, once the field is switched-off. Due to their
high birefringence (typically 0.1 − 0.2) and large optical response to the external electric
field, nematic liquid crystals are now widely used in LCDs, 2D spatial light modulators,
optical filters, tunable waveplates and optical switches. Electrically tunable optical devices
such as cholesteric liquid crystal lasers [5,39–43], beam steering devices, tunable 2D photonic
nematic colloidal crystals [44] and solid state optical microresonators with a NLC cladding
layer [12] have been demonstrated.

1.3.1 Polymer dispersed liquid crystals

In practical applications, the LCs are confined by some external surface that aligns the
molecules in a particular direction. The confinement is in most cases in a form of a thin
layer of LC, several micrometers thick. The confining glass plates used as substrates are
coated with different materials and mechanically treated to induce the correct anchoring.
Another type of confinement is to encapsulate the LC droplets into a carrying material. LC
droplets in a polymer matrix are known as polymer dispersed liquid crystals (PDLCs) [45,46].
The size of the droplets is usually in the order of a micron, so that the scattering of light
is as efficient as possible. The fraction of the LC in PDLCs can be as high as 50% to
90%. PDLCs are useful for switchable windows and displays, however they are actually not
really much used in commercial applications, even though, they have the advantage that no
alignment layers and no polarizers are necessary. PDLC switchable windows and displays are
based on the fact, that with no electric field, the LC molecules in the droplets are randomly
oriented and they scatter light, making the film opaque. But when the electric field is
applied, the LC orients along the field, so that the refractive index for the light traveling
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perpendicular to the film matches the refractive index of the polymer matrix, making the film
transparent. PDLCs are also interesting from basic research point of view, since they poses
large surface-volume ratio, so that the surface effects and strong confinement can be studied
into detail. By using different liquid crystals, different droplets size and different anchoring
conditions, a huge variety of director configuration in the droplets can be achieved. Also the
light propagation in such nonuniform and birefringent materials is very complex and can
introduce a number of interesting optical phenomena including random lasing [47,48].

1.3.2 Lasing in cholesteric liquid crystals

To make a laser, a cavity and a gain material are needed. By reflection of light the cavity
confines the light in a small space and at the same time defines the possible modes inside
it. The gain material amplifies these modes so that lasing is possible. In cholesteric liquid
crystals the molecules rotate around their axis and make a helical structure. Because the
molecules are birefringent, the helical structure has periodic modulation of the refractive
index. If the periodicity matches the wavelength of light in the material, the light can be
reflected from the structure. The CLC is therefore working as a one-dimensional photonic
crystal and has a photonic bandgap. By introducing a gain material as for example a
dissolved fluorescent dye, a laser can be made. The dye doped CLC acts at the same time
as an optical cavity and at the same time as gain material. By pumping the CLC with an
outside pulsed laser, single line lasing is achieved in the direction of the helical axis. The
laser line is positioned on one of the two edges of the PBG, where the density of states in
the largest. This can also be explained in terms of the photon lifetime. In the middle of the
PBG the lasing is not possible, since the propagation of photons is prohibited and even the
spontaneous emission is suppressed. On the other hand on the outside of the PBG the CLC
does not reflect the light and the photons just escape the structure. However, on the edge
of the PBG the spontaneous emission is not suppressed on a larger extent and the structure
still has enough reflexivity, so that the photon lifetime is the longest. Therefore, the optical
path of light in the structure is also the longest and also the gain is the largest.

The first observations of bandedge lasing in CLCs were independently demonstrated by
Kopp et al. [49] and Taheri et al. [50, 51]. Since then, it has been shown in a number of
experiments on dye-doped cholesteric liquid crystals that a low-threshold mirrorless lasing
can be achieved [43, 52–54] (Figure 6). A recent review on this subject can be found in
Ref. [55].

Figure 6: CLC laser. Principle of lasing from a thin layer of dye doped CLC. A pump laser (green
beam) is used to excite the dye and the laser light is emitted along the helical axis (red beam).
Reprinted from [52], Copyright (2006), with permission from Elsevier.
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1.3.3 Liquid crystal biosensors

Surface science appears in a huge range of areas including basics science and large scale
industrial production. In dispersions of small particles the surface has a large effect on their
properties or the properties of the material containing them. Liquid crystals are especially
interesting in this regard, since the effect of the surface extends deep into the bulk phase.
The director orientation is therefore sensitive to the interface properties [56] such as the
shape of the surface and its chemical composition. In most liquid crystal applications,
such as LCDs, the surface is treated so that the correct anchoring of the liquid crystal
is achieved. Planar anchoring is made by rubbing the surface, whereas the homeotropic
anchoring is achieved by the deposition of a surfactant to the substrate. Similarly the
molecules can be absorbed to the interface between a LC and water, changing the alignment
of the LC. Since the anchoring angle is very sensitive to the surfactant concentration, this
system can be used as a sensor. The anchoring also affects the bulk liquid crystal, the
change being amplified through the long range orientational order of the liquid crystal,
so the changes can be easily observed under a polarizing microscope. Therefore, the LC
interfaces can be used as sensors to detect a variety of chemicals including phospholipids
at LC-water interface [57, 58], protein binding [59], viruses [60, 61], bacteria [61] and pH
measurements [62]. However, current methods of observing these changes are still based on
bare-eye observation and small changes in the anchoring can not be detected in this way.

It has been demonstrated [63], that it is possible to change the anchoring of a LC
on a hard substrate by controlled absorbtion of target molecules (Figure 7). In order to
achieve this, chemical receptors are attached to a rubbed substrate. These receptors weakly
bind the LC molecules orienting them in a well defined direction. When target molecules
are introduced into the LC, they bind more strongly to the receptors replacing the LC
molecules. However, non-targeted molecules bind the receptors more weakly than the LC
molecules, so they do not replace the LC molecules. When LC molecules are not bind any
more to the receptors, the LC tend to align parallel to the rubbing. This kind of sensors can
be used for the detection of air contaminants. The molecules diffuse from the atmosphere
through the LC to the receptors. R. Shah, et al. [63] reports detection of parts-per-billion
vapor concentrations of targeted low molecular weight molecules, including organoamine
and organophosphorus compounds.

Figure 7: LC sensor on hard surface interface. The competitive interaction of a LC and targeted
low molecular weight compound for a molecular receptor hosted on a surface with nanometer-scale
topography. (a) Orientation of LC molecules is determined by the binding to the receptors. (b)
Upon addition of the target compound the LC molecules detach from the receptors and align in the
direction of surface grooves (rubbing direction). From [63]. Reprinted with permission from AAAS.

One drawback of hard surface LC sensors is that the target molecules must be soluble
in the LC. However, most biological molecules are soluble in water, but not in non-polar
solvents like LCs. Another option is to use the interface between a LC (not soluble in water)
and the water environment containing the target molecules. Amphiphilic molecules such as
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phospholipids can bind to the interface, changing the anchoring (Figure 8). A typical setup
consists of a thin metallic grid that is originally used for transmission electron microscopy.
The square 100µm × 100µm openings in the grid are filled with a several micrometers
thick LC layer, that is on one side in contact with a hard surface and on the other side in
contact with water. The orientational changes are typically observed using a microscope and
crossed polarizers. The reported sensitivities of such sensors are of the order of 10µg/ml
concentration in water, which corresponds to approximately one monolayer coverage of the
LC interface with targeted molecules.

Figure 8: LC sensor on fluid interface. a) Experimental geometry used to create stable interfaces
between aqueous phases and LCs. b) and c) optical images in crossed polarizers of 5CB confined
to a copper grid immersed in b) pure water or c) an aqueous solution of 2.2 mM SDS. (d) and (e)
schematic illustrations of the director profiles of the LC corresponding to d) planar anchoring of the
liquid crystal at the interface with the aqueous phase and e) homeotropic anchoring with the SDS
added. Reprinted from [64], Copyright (2005), with permission from Elsevier.

However, by this sensing method we do not have selective detection, as all the amphiphilic
molecules are going to be absorbed to the interface. Alternatively, a monolayer of surfactant
molecules can be made on the surface. If these molecules have specific binding sites, only
target molecules will attach to them, changing their order or concentration. It has been also
shown that is possible to measure the pH of the solution by carefully choosing the molecules
absorbed on LC-water interface [62].

Instead of a flat layer of LC, also LC droplets dispersed in water can be used as sensors
[61, 65, 66]. The director configuration in nematic droplets is dependent on the surface
anchoring and it can be easily identified using a microscope. The advantage of such system
is, that the droplets do not need any mechanical support or surface treatment, they are
small and can be introduced into a microfluidic chip. Furthermore, it has been recently
demonstrated that the sensitivity of droplets to specific molecules can be at least a factor of
a million better compared to that of a flat sensing interface [67]. For endotoxins the sensing
limit is as low as 1 pg/ml, which corresponds to about 30 molecules per droplet. Such huge
amplification of sensitivity is attributed to the local binding of the surfactant molecules to
the two surface boojum defects. This kind of sensor is also very specific, since only very
specific surfactants such as endotoxins with six carbon chains are able to induce the changes
in director configuration of the droplets.
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1.4 Goal of the thesis

The purpose of this PhD work was to explore the possibility to use liquid crystal micro-
droplets as optical microcavities that could be employed as novel micro light sources and
other active optical elements in the microscale. The possible applications of such optical
components extend from integrated optical circuits to imaging, holography and sensing. The
work was stimulated by the lack of research in the area of soft photonics and the lack of
such optical components.

We anticipated that liquid crystals could be used in the field of microresonators because
of two main characteristics. Firstly, because of their long distance interaction and molec-
ular order, liquid crystals offer high degree of self assembly and therefore possibly a route
to easy, cheap and scalable manufacture of optical components. Secondly, they have large
response to external stimuli, like electric and magnetic field, temperature, surface charac-
teristics and light. These influences can change their optical properties and in this way
offer large tunability of optical components. PDLCs have been studied extensively in the
past, but individual droplets have never been considered as tunable optical microcavities.
Most research in optical microcavities was conducted on solid state optic components or in
isotropic liquids.

Primary goal was to demonstrate that liquid-crystal droplets (nematic, cholesteric, fer-
roelectric, smectic or blue phase) can support a number of different optical modes. By
choosing different LC materials and different anchoring conditions we can achieve various
LC configurations in the droplet, which will confine light in different ways. The simplest
way how to achieve this, is to use the droplet as whispering-gallery-mode microcavity. What
is needed is just a nice spherical shape of the droplet and the refractive index inside to be
larger than on the outside. For non-miscible, soft-matter materials, a spherical shape ap-
pears naturally because of the surface tension, which tends to reduce the amount of surface
for a given volume of material. Different LCs could be used, but the simplest case is the
nematic liquid crystal. For anchoring on the droplet interface with the outside material we
can choose either planar for bipolar director configuration or homeotropic for radial director
configuration. We can again choose the simpler case, so the radial configuration, since it
has spherical symmetry.

Once demonstrating the presence of optical modes in LC droplets, the goal was to tune
the positions of the resonance frequencies. This could be achieved by external stimuli like
electric or magnetic field, temperature, optical field, mechanical deformation, change in
surface anchoring and chemical composition. Because of large response of LCs to external
stimuli, the tunability of such LC microcavities was expected to be orders of magnitude
larger than of solid state materials. However, such large response could also have drawbacks
in the sense of resonant frequency and amplitude stability. Instead of tuning the modes
by external stimuli, the LC microcavities could also be used as sensors. One of the most
interesting applications would be a biosensor, where varying the concentration of a specific
compound present in the exterior of the droplet could change the anchoring or directly the
internal properties of the LC, such as the pitch. We expected that very sensitive chemical
sensors could be realized using liquid-crystal droplets immersed in water containing the
target substance.

By having a microcavity and fluorescent dye in the LC microcavity we expected lasing to
occur above the lasing threshold when pumping the fluorescent dye with an external source
of light. By carefully choosing the configuration of the LC director in the droplet as well
as the gain medium, singlemode as well as different multimode lasing is expected to occur.
The lasing lines should tune in a very similar way as the modes bellow the lasing threshold.

Further, we wanted to use CLCs to confine light into a droplet. CLCs are known to
produce selective Bragg reflection of light on the periodic structure. By making a droplet
out of a CLC, the onion Bragg structure was expected to produce omnidirectional PBG
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and confine the light in the center of the droplet. By introducing a gain material and using
external pumping, lasing should be achieved in the same way as in planar CLC structure.
Because of nearly spherical symmetric structure, this laser is supposed to emit light in all
the directions, making it an omnidirectional coherent point source of light.

To achieve all the above goals, the intention was to use commercially available substances
and as simple procedures as possible. In this way, repeatability of the experiments as
well as scalability and price of possible future applications could be achieved. To test the
microcavities, an upgrade of an existing optical system was planed, by adding a pulsed laser
for excitation and a high resolution spectrophotometer with a sensitive EMCCD for the
detection of light.

In reality, in the beginning of this research work, the idea was not to use liquid-crystal
droplets as microcavities, but to study the inverted system. So to use hard isotropic spheres
embedded in a LC as optical microresonators. It has been shown in a number of exper-
iments that particles in nematic liquid crystal can be assembled in a very rich variety
of structures such as chains [68], two-dimensional colloidal crystals [69], entangled struc-
tures [70], hierarchical self-assembled nematic colloidal superstructures [71], knots [72] and
even three-dimensional colloidal crystals [73]. All this structures could be used for a number
of photonic applications such as photonic crystals, split ring resonators for metamaterials
and optical microcavities. The original idea of this work was to use spherical particles in
LC as WGM microresonators. The LC around the microresonators would serve for three
different purposes. Firstly, the outside LC can act as a tunable cladding layer and make the
microcavities tunable [12,13]. Secondly, the forces in between the particles in LC bind them
together enabling self assembly. For example a chain of resonators assembled in this way
would work as coupled resonator optical waveguide transferring light from one resonator
to the other. Thirdly, by changing the optical properties of the layer of LC in between
neighboring microresonators by electric field or laser beam (Figure 9) one could control the
coupling between them and make an optical switch.

Figure 9: Proposed CROW structure made from nematic colloids. A chain of hard microspheres is
embedded in a LC that are bound together by elastic forces. Each microsphere supports WGMs that
are coupled with neighbouring resonators so that the chain acts as a CROW. A laser beam is used to
change the optical properties of the LC between two microresonators achieving all-optical switching.
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2 Theoretical background

2.1 Optical microcavities

In this section we will give description of general properties for microcavities, no matter if
the microcavity confines light by reflection, total internal reflection or by periodic structure.
The most important property of a cavity is the number and frequencies of resonant modes
1. Usually, the smaller the cavity, less modes will be present. The spacing between two
neighboring modes is given by free spectral range (FSR). Large FSR is in most cases desirable,
since if we have a very large cavity, a huge number of modes will be present and single
modes could not be distinguished any more. Another parameter of a microcavity is the
Mode volume. This is the volume that the electric field of a particular mode occupies in the
microcavity. In WGMs the mode volume is typically from several tens to several thousand
cubic microns. Smaller the mode volume, higher is the energy density in the cavity, enabling
various nonlinear processes and strong light-matter coupling.

2.1.1 Quality factor

The quality factor (Q-factor) is a measure of the resonance sharpness relative to its wave-
length. Q-factor is defined as the ratio of the energy of light in the resonator to the energy
lost per optical cycle

Q = ω
Stored energy

Power loss
(1)

where ω is the optical frequency given by ω = 2πc/λ. The Q-factor can also be expressed
as

Q = ωτ, (2)

where τ is the decay time or photon lifetime. It can also be easily calculated from the mode
spectrum as

Q =
λ

∆λ
, (3)

where λ is the central wavelength of the resonance and ∆λ is the full-width at half-maximum
(FWHM) of the resonance lineshape.

The overall Q-factor of a WGM microcavity is a sum of many contributions

1

Q
=
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Qrad
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1

Qmat
+

1

Qss
+

1

Qcoupling
+

1

QLC
. (4)

Radiation loss Qrad is because of curvature of the microcavity. For modes with radial
mode number equal to one and cavity diameters larger than approximately 15µm, the
Qrad is usually very large and can be neglected in the sum. Material loss Qmat is caused
by absorbtion and scattering in the dielectric medium from which the resonator is made.
Surface scattering Qss is caused by surface roughness. If the resonator is coupled to an
external optical device by evanescent field, the reduction of the Q-factor because of coupling

1For WGMs, the detailed calculation will be given in next section.



14 Theoretical background

(Qcoupling), should also be taken into account. And finally, if the resonator is made of liquid
crystal, an important factor is contributed to the thermal fluctuations of the LC director
(QLC). The thermal fluctuations change locally and temporarily the refractive index. The
light scatters on these local changes of refractive index. As well the mean refractive index
of the resonator changes in time. For a small time interval, the resonance is sharp, but its
frequency fluctuates with time, so it broadens if averaged over time.

From the decay time, the path length that the light travels around the sphere can be
calculated as

L =
Qc

ωn
(5)

and the number of circulations inside a sphere with the radius r is

N =
Qc

2πrωn
. (6)

For high Q-factors already small input power will induce large intensity of the circulating
light in resonator. The circulating intensity can be calculated by [1]

I = PIN

(
λ

2πn

)(
Q

V

)
(7)

where PIN is the input power and V is the mode volume.

We can calculate the maximum theoretical Q-factor for a resonator made from 5CB. We
take into account only Qmat, so the absorbtion of bulk 5CB, that can be found in Ref. [74].
The maximum Q-factors at different wavelengths are

Q(λ = 600 nm) = 5 · 107

Q(λ = 800 nm) > 108 (8)

Q(λ = 1500 nm) = 2 · 105.

Minimum absorbtion is reached at 800 nm. At shorter wavelengths, especially in blue
and UV, the absorbtion is higher like in all the organic materials and in NIR the absorbtion
is larger because of molecular vibrations.

2.1.2 Purcell effect

The spontaneous emission of a two level system depends on the properties of the system
itself, as well as the environment surrounding the system. The spontaneous decay rate is
proportional to the spectral density of the modes at the transition frequency. In vacuum
the density of modes is constant, but inside a cavity the density of modes is much higher at
resonant frequencies. The modification of the spontaneous emission in a cavity is referred
to as Purcell effect [1]. At resonant frequencies of the cavity the emission is enhanced by
the Purcell factor

P =
3

4π2

(
λ

n

)3(Q
V

)
(9)

where λ is the resonance wavelength, n is the refractive index, Q is the Q-factor and V
is the mode volume. Furthermore, not only the decay rate is larger, but also the light is
directionally emitted to the mode itself, greatly increasing the light intensity of this mode.
At frequencies that do not match the resonances, the mode density can be below the density
in free space, so the emission is suppressed. The emission of light is also inhibited in photonic
bandgap materials. Just as a remark, the Purcell effect can not be explained by classical
electrodynamics, but cavity quantum electrodynamics (cavity QED) is needed.
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An example of the Purcell effect would be a spherical WGM microcavity with embedded
fluorescent dye. In the bulk, the dye emits in a broad spectrum and isotropically in all the
directions. But inside the microcavity, more light is be emitted at frequencies matching
the resonances. This is visible in the spectrum of the light emitted from such a sphere as
sharp peaks above the fluorescent background. The light is also preferably emitted in such
direction, that it is trapped in the resonant modes. The directionality of the emission is
however more difficult to measure.

2.2 Theory of WGMs

To calculate the positions and linewidths of optical modes (WGMs) in spherical dielectric
microcavities we have to solve the Maxwell’s equations in spherical coordinates with ap-
propriate boundary conditions [11, 75–77]. Calculation of electric field inside and outside a
sphere is known for a long time and is mostly used to calculate scattering on small parti-
cles [78]. The general solutions are known as Mie theory or Mie scattering.

2.2.1 WGM frequencies in an isotropic sphere

Here we are going to calculate solutions for electric and magnetic field in an isotropic di-
electric sphere. The derivation is summarized from Ref. [78].

We start with source-free Maxwell’s equations for isotropic medium

∇ ·E = 0 (10)

∇×E = −∂B
∂t

(11)

∇ ·B = 0 (12)

∇×B = µµ0εε0
∂E

∂t
. (13)

Taking the curl of equations (11) and (13) gives

∇×∇×E = − ∂

∂t
∇×B = −µµ0εε0

∂2E

∂t2
(14)

∇×∇×B = µµ0εε0
∂

∂t
∇×E = −µµ0εε0

∂2B

∂t2
. (15)

By using the vector identity

∇× (∇×V) = ∇ (∇ ·V)−∇2V (16)

and c = 1√
µµ0εε0

it gives the wave equations for electric and magnetic field

∂2E

∂t2
− c2∇2E = 0

∂2B

∂t2
− c2∇2B = 0. (17)

By using oscillating electric field in the form of E = E0e
i(k·r−ωt) and k = ω

c we can rewrite
the wave equation in the form of Helmholtz equation

k2E+∇2E = 0 k2B+∇2B = 0. (18)

By using a scalar function ψ and a constant vector c we construct a vector function M
that has zero divergence, such that

M = ∇× (cψ). (19)
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It can be shown [78] that if M satisfies the vector Helmholtz equation and ψ is a solution
to the scalar Helmholtz equation

k2ψ +∇2ψ = 0. (20)

We can construct another vector function N which also satisfies the vector Helmholtz equa-
tion and has zero divergence, so that

N =
∇×M

k
. (21)

and also

∇×N = kM. (22)

The scalar function ψ is called generating function for the vector harmonics M and N. Both
M and N have all the all the required properties of an electromagnetic filed. They satisfy
the vector wave equation, they have zero divergence and the curl of M is proportional to
N and the curl of N is proportional to M. Therefore instead of solving the vector wave
equation we can solve the scalar wave equation, which is much more simple.

The generating function should be chosen so that it fits the symmetry of our problem.
Since we want to calculate the fields in a sphere we choose functions ψ that satisfy the wave
equation in spherical coordinates and for the vector c we choose the radius vector r. We
have now to solve scalar wave equation (20) in spherical coordinates:

1

r2
∂

∂r

(
r2
∂ψ

∂r

)
+

1

r2 sin θ

∂

∂θ

(
sin θ

∂ψ

∂θ

)
+

1

r2 sin2 θ

∂2ψ

∂ϕ2
+ k2ψ = 0 (23)

The variables can be separated and the solution can be written as

ψ(r, θ, ϕ) = R(r)Θ(θ)Φ(ϕ) (24)

and the separated equations are
d2Φ

dϕ2
+m2Φ = 0 (25)

1

sin θ

d

dθ

(
sin θ

dΘ

dθ

)
+

(
l(l + 1)− m2

sin2 θ

)
Θ = 0 (26)

d

dr

(
r2
dR

dr

)
+ (k2r2 − l(l + 1))R = 0 (27)

The solutions to (25) are

Φ =
1√
2π
e±imϕ (28)

and the solutions to (26) are associated Legendre functions of the first kind

Θ = Pm
l (cosθ) (29)

where for each polar mode number l, the allowed azimuthal mode numbers m are in the
range of −l < m < l. The two above solutions for ϕ and θ can be also combined, so we get
spherical harmonics

Θ(θ)Φ(ϕ) = N eimϕ Pm
l (cos θ) = Y m

l (θ, ϕ) (30)

where N is a normalization factor.

The solutions to (27) are spherical Bessel functions of first and second kind

jl(kr) =

√
π

2kr
Jl+1/2(kr) (31)
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yl(kr) =

√
π

2kr
Yl+1/2(kr) (32)

where J and Y are ordinary Bessel functions.

The whole solution is now equal to

ψlm = Y m
l (θ, ϕ)zl(kr) (33)

where zl is jl or yl or any linear combination of the two. Two special linear combinations are
known as spherical Bessel functions of the third kind, also called spherical Hankel functions

h
(1)
l (kr) = jl(kr) + iyl(kr) (34)

h
(2)
l (kr) = jl(kr)− iyl(kr). (35)

The optical modes in the sphere can be uniquely characterized by a set of three mode
numbers, the radial mode number q, the polar mode number l, the azimuthal mode number
m and the polarization p. The radial mode number indicates the number of maxima in
the radial intensity distribution in the sphere, the polar mode number gives the number of
wavelengths for one circulation of the light and the azimuthal mode number indicates the
inclination of the circular orbit of the light in respect to our reference frame. In Figure 10
there are represented the electric field intensity distributions for modes with the same polar
mode number, but different radial mode numbers.

Figure 10: Electric field intensity distributions in the equatorial plane of the sphere for TE WGMs
with l = m = 30 and n = 1, 2 and 3. It can be seen that for all the three cases the number of
maxima in tangential direction is equal to 60, which corresponds to 30 wavelengths, so also to the
polar mode number. In the radial direction the number of maxima corresponds to the radial mode
number. Reprinted with permission from [76].

Because the Bessel function of second kind is singular at the origin, only first kind
function is retained inside of the sphere. On the outside, the Hankel functions are used,

h
(1)
l corresponds to outward propagating spherical wave and h

(2)
l corresponds to inwards

propagating wave. We are interested just in leaking of the modes, so we keep just h
(1)
l . From

radial functions, electric and magnetic fields can be written. At the surface of the sphere
(r = a) the inner fields must match the exterior ones giving the characteristic equations

[nrxjl(nrx)]
′

jl(nrx)
=

[xh
(1)
l (x)]′

h
(1)
l (x)

for TE (36)

[nrjl(nrx)]
′

m2jl(nrx)
=

[xh
(1)
l (x)]′

h
(1)
l (x)

for TM (37)
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where nr = ns/na is the relative refractive index between the interior and the surrounding
of the sphere, x = ka is the size parameter, where k = ω

c na is the wavenumber in the
surrounding medium. The primes denote differentiations with respect to the argument.
Solving these two equations numerically, gives the exact solutions for WGMs. For each
polar mode number l there are a number of solutions, that correspond to different radial
mode numbers q. The solutions for x can not be real, so that the eigenfrequencies ωql are
complex. This means that the modes are leaky and that the resonances are not infinitely
sharp. The real part of ωql is the central frequency of the resonance and the imaginary part
represents its width. The Q-factor can be calculated as

Q =
Re(ωql)

2|Im(ωql)|
. (38)

2.2.2 Approximate solutions

Resonant WGM frequencies for small radial mode numbers q can be accurately computed
using asymptotic expansion in powers of (l/2)−1/3 [79,80]

nska = l − αq

(
l

2

)1/3

− χnr√
n2r − 1

+
3α2

q

20

(
l

2

)−1/3

− αqnrχ(2χ
2 − 3n2r)

6(n2r − 1)3/2

(
l

2

)−2/3

+O(l−1)

(39)
where

χ =

{
1 for TE modes

1/n2r for TM modes

and a is the radius of the sphere, k is wavenumber, l ≫ 1 and q = 1, 2, 3, ... are mode
numbers, αq are negative q-th zeroes of the Airy function and nr = ns/na is relative refractive
index, where ns is the refractive index of the sphere and na is the index of the surrounding
medium.

For even better accuracy, additional terms can be added to the expansion. However, for
typical microresonators used in this work (l > 100 and q < 4) the error using (39) is less
than 10−4. For a mode at 600 nm this means 0.06 nm which is the same as the resolution
of the spectrometer used in this work.

For a really simple approximation and to understand physics behind WGMs, just the
first term l can be considered. The equation is in this case reduced to nka ≈ l. Using
k = 2π/λ we get

2πan ≈ lλ. (40)

Left side of the equation is the circumference multiplied by the refractive index, which is
the optical path around the droplet. The optical path is approximately equal to the integer
number of wavelengths around the sphere. This expression is of course valid just for first
radial modes (q = 1). For l = 100 the relative error that we make by using (40), is around
10%, but for larger droplets with l = 1000 the error is just 0.2%, so in many cases is useful
for making rough estimations.

Instead of positions of resonant frequencies also approximate mode separation versus the
two indices l and q up to O(l−2) can be given as

1

ω

∂ω

∂l
≈ l−1

[
1 +

αq

6

(
l

2

)−2/3
]

(41)

1

ω

∂ω

∂q
≈ π

2
√−αq

(
l

2

)−2/3
[
1 +

αq

20

(
l

2

)−2/3
]

(42)
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The Q-factor can be as well approximately calculated [79] using

Q =
χ(n2r − 1)

2

[(
2u0
ν

)1/2

− 1

4u0

]−1

e
4u0
3

(
2u0
ν

)1/2

(43)

where

χ =

{
1 for TE modes

1/n2r for TM modes

and nr is relative refractive index, u0 is the value of u = ν − x at the resonance position,
ν = l+1/2 and x = 2πr

λ is the size parameter. However, this approximation is not good for
very small or very large polar mode numbers l and can deviate from the correct solution by
more than an order of magnitude.

An important characteristics of the WGMs is that the light is not entirely confined to
the sphere. Outside the sphere the light intensity exponentially decreases with distance from
the surface forming the evanescent field. This phenomena is crucial for many applications
of WGMs. Evanescent field is typically extending around one wavelength from the surface
of the sphere (Figure 11) and is non-radiative.
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Figure 11: Radial light intensity for TE WGMs with l = m = 60 and n = 1, 2 and 3. Note that the
light intensity is nonzero also outside the sphere. Reprinted with permission from [76].

2.2.3 Non-spherical whispering-gallery cavity

In completely spherical cavities the modes with different azimuthal mode numbers m are
degenerate. This is because in the case of spherical symmetry it is not important in which
plane the light is circulating. As soon as the cavity becomes non-spherical, the modes are
not degenerate any more. From the mode splitting one can calculate the non-sphericity of
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the cavity. For a spheroid we can approximately calculate the frequencies of WGMs using
the asymptotic expansion [81]

nska = l − αq

(
l

2

)1/3

+
2g(a− b) + a

2b
− χnr√

n2r − 1
+

3α2
q

20

(
l

2

)−1/3

−αq

12

(
2g(a3 − b3) + a3

b3
+

2nrχ(2χ
2 − 3n2r)

(n2r − 1)3/2

)(
l

2

)−2/3

+O(l−1) (44)

where

χ =

{
1 for TE modes

1/n2r for TM modes

and a and b are equatorial and polar semiaxes of the spheroid, k is wavenumber, l ≫ 1,
g = l − |m| = 0, 1, 2, ... and q = 1, 2, 3, ... are mode numbers, αq are negative q-th zeroes
of the Airy function and nr = ns/na is relative refractive index, where ns is the refractive
index of the spheroid and na is the index of the surrounding medium. The equation reduces
to the spherical case (39) if a = b. And the mode separation versus index m up to O(l−2) is

1

ω

∂ω

∂m
≈ l−1 b− a

b

[
1 +

αq

12

(b− a)(a+ 2b)

b2

(
l

2

)−2/3
]
. (45)

2.2.4 WGM frequencies in an anisotropic sphere

To find frequencies of WGMs in a nematic droplet, the derivation from Section 2.2.1 has
to be performed for an anisotropic sphere where the optical axis is always in the radial
direction. In the radial direction we have extraordinary dielectric permittivity εe and in the
tangential direction we have ordinary dielectric permittivity εo. The differential equations
for the radial dependance of the electric and magnetic field for TE and TM modes are [82]

d

dr

(
r2
dR(1)(r)

dr

)
+ (k2r2 − l(l + 1))R(1)(r) = 0 (46)

and

d

dr

(
r2
dR(1)(r)

dr

)
+ (k2r2 − l(l + 1)

εo
εe
)R(1)(r) = 0. (47)

For εe = εo both equations are the same and are equal for the isotropic case (27). Therefore,
the solutions to (46) are the same as in isotropic case, so spherical Bessel (jl(kr)) and
spherical Hankel functions (hl(kr)). For (47) the solutions [83] are also spherical Bessel
(jl̃(kr)) and spherical Hankel functions (hl̃(kr)), but with a non-integer order

l̃(l) =
1

2

−1 +

√
1 + 4

(
no
ne

)2

l(l + 1)

 . (48)

Note that for no = ne, l̃(l) = l. Apart from the non-integer order, the characteristic
equations (36) and (37) are the same as for the isotropic case, where nr = no/ns. It is
interesting, that the equation for TE modes is dependent only on the ordinary refractive
index, whereas TM modes couple both ordinary and extraordinary refractive indices.
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2.2.5 Excitation of WGMs

2.2.5.1 Evanescent field coupling

We can excite WGMs by coupling the evanescent field of the sphere with an external evanes-
cent field. The external evanescent field can be made in two main ways. The first method
is by total internal reflection of light in a prism. The second source of evanescent field can
be a thin optical fiber, typically several micrometers in diameter. In both cases we need
to mechanically bring the microspehere in close contact with the prism or fiber and typical
distance between the two must be under 1µm for visible wavelengths. Single longitudinal
mode tunable laser is used as a light source. By selecting the wavelength that corresponds
the to one WGM is it possible to selectively excite single WGMs. Usually we measure the
transmission of an optical fiber coupled to a microresonator as a function of wavelength. At
the wavelengths that correspond to WGMs the light energy is flowing into the sphere where
it is dissipating, reducing the transmission through the fiber at that frequency.

2.2.5.2 Fluorescence

A more simple way of exciting WGMs is fluorescence. For example glass microspheres
doped with rare earth elements or microspheres made from polymer material mixed with a
fluorescent dye are used. Shorter wavelength light is used to excite the fluorescence and the
fluorescent substance is emitting light in a broad spectrum at longer wavelengths and in all
the directions. Because of Purcell effect (Section 2.1.2) a larger portion of light is trapped
to the optical modes, which can be seen as peaks in the fluorescent spectrum. To further
increase the amount of coupled light, it is better not to illuminate the whole microsphere, but
just with a tightly focused beam near the edge of the sphere, where the modes are located.
In the same way, having the fluorescent substance near the surface is a more efficient way of
exiting WGMs, because the light captured inside the sphere is circumnavigating just below
the surface. The fluorescent substance can also be on the surface outside the microsphere.
In this case the WGMs are excited through the coupling between the fluorescent substance
and the WGMs trough evanescent field.

2.3 Theory of lasing

Laser is a special light source with high temporal and spatial coherence that uses stimulated
emission to achieve these characteristics. LASER is an acronym for Light Amplification by
Stimulated Emission of Radiation. A laser is made of a gain medium that amplifies the
light and a resonant cavity that enables the recirculation of light through the gain medium.
To understand the optical amplification [84, 85] we have to look at the levels in the gain
material, transition probabilities and the optical loses in the laser cavity.

Suppose that we have a two level system (|1⟩ and |2⟩), the lower level having energy
E1 and the upper having energy equal to E2. The number of electrons in the two levels is
N1 and N2, respectively, with the total number of electrons N = N1 + N2 and energy of
transition E2 − E1 = hν. In thermal equilibrium the ratio of the populations of these two
levels is

N2

N1
= e(E1−E2)/kBT . (49)

At zero temperature all the electrons are in |1⟩, while at infinite temperature both levels are
equally occupied. As we will se later, for optical gain to be present, population inversion
(N2 > N1) is necessary. To achieve population inversion at least a three level system is
required (|1⟩, |2⟩ and |3⟩). The electrons are pumped from |1⟩ to |3⟩. Population inversion
is achieved between |1⟩ and |2⟩ if the transition from |2⟩ and |3⟩ is faster or between |2⟩ and
|3⟩ if the transition from |1⟩ and |2⟩ is faster.
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To describe the probabilities of transitions in a two level system we introduce so called
Einstein coefficients. Three processes are possible in a two level system. If the system is
in high energy state and is perturbated by an electric field of frequency ω it may emit an
photon, that has the same frequency and in the same phase as the external field. This
process is called stimulated emission. The rate of stimulated emission is

∂N1

∂t
= B21u(ω)g(ω)N2 (50)

where B21 is the Einstein B coefficient, u(ω) is the spectral energy density and g(ω) is the
lineshape of the transition. The transition rate is proportional to the number of excited
states and the density of incident photons. The second process is absorption, the rate is
equal to

∂N2

∂t
= B12u(ω)g(ω)N1. (51)

The rate is proportional to the number of ground states and again density of the incident
photons. The third process is spontaneous emission which is not dependent on the density
of the incident photons. The rate is given by Einstein A coefficient as

∂N2

∂t
= −A21N2. (52)

It can be shown [84] that
B12 = B21 = B (53)

and
A

B
=

~ω3

π2c3
. (54)

For the light with photon flux density ϕ propagating inside a gain material, the following
equation can be written [85]

dϕ

dz
=

γ0ϕ

1 + ϕ/ϕ0
, (55)

where γ0 is small signal gain coefficient and ϕ0 is saturation photon-flux density that is
connected to Einstein coefficients by

ϕ0 ∝
A

B
. (56)

For the laser resonator in equilibrium, the total energy W in the resonator should be
constant. The energy gain for propagation of light back and forth through the resonator
(path length 2L, where L is the resonator length) is

∆Wgain =
γ0W2L

1 +W/WS
, (57)

where WS is the saturation energy, that is connected to the saturation photon-flux density.
On the other hand, the loses are

∆Wloss = −[α02L+ (1−R1) + (1−R2)]W = −2ΛW, (58)

where R1 and R2 are reflectivities of the two mirrors and α0 is the absorbtion coefficient.
In equilibrium the losses should be the same as the gain, so

2ΛW =
γ0W2L

1 +W/WS
(59)

and therefore

W =

(
γ0L

Λ
− 1

)
WS . (60)

The threshold of the laser is at γ0L/Λ = 1. From that point on the energy in the laser is
linearly increasing with gain. The power output, if R1 = 1 and R2 < 1, is

P = (1−R2)
c

2L
W. (61)
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2.4 Bragg microcavities

The same as for WGMs, to get the modes in a spherical Bragg microcavity, we have to solve
Helmholtz equation in spherical coordinates. The derivation is summarized from Ref. [86].

Ingoing and outgoing light can be expressed as spherical waves by using spherical har-
monics. For TE wave polarization the electric and magnetic fields of a spherical wave with
frequency ω can be written as

E = −µk0
(

m

sin θ
P

|m|
l (cos θ)eθ + i

∂

∂θ
P

|m|
l (cos θ)eφ

)
V (r)eimφ and (62)

H =

[
l(l + 1)

r
V (r)P

|m|
l (cos θ)er +

(
∂

∂θ
P

|m|
l (cos θ)eθ

im

sin θ
P

|m|
l (cos θ)eφ

)
1

r

∂

∂r
(rV (r))

]
eimφ,

where V (r) = Ah
(1)
l (kr) +Bh

(2)
l (kr) are spherical Hankel functions, A and B are constants

and k = nω/c where n is the refractive index of the medium the spherical wave is propagating
through. Orbital momentum is equal to l and its projection m can be in the interval
from −l to l. An orbital momentum l = 0 corresponds to a fully spherically symmetric
electromagnetic wave, which does not exist. Similarly, also fields for a TM mode can be
written.

To obtain the spatial distribution of an electromagnetic field in a layered structure, the
transfer matrix technique is used. In this way also transmission and reflection coefficients
can be calculated. For planar Bragg reflector, to obtain maximum reflection at the frequency
ωBR, the layers should have the thickness corresponding to quarter wavelength of the light.
The thicknesses (d1 and d2) for the two layers with refractive indexes n1 and n2 must
satisfy the relation d1,2 = πc/2ωBRn1,2. However, spherical Bragg structure that optimally
reflects light is non-periodic [37]. This directly reflects the non-periodicity of the outgoing
spherical Henkel functions. The layers should therefore be quarter-wavelength thick, but
corresponding to the actual wavelength, that changes with the distance from the center.
At larger distances from the center the spherical Henkel functions become periodic, so the
wavelength becomes constant and equal to that of a planar wave. The derivation of the
reflection coefficient (rb) of the spherical Bragg structure can be found in Ref. [86].

Depending on the structure of the cavity we have three basic types of spherical Bragg
microcavities. The simplest is the structure where the periodic structure fills all the volume
of the spherical cavity (Figure 12a). In the second case there is a defect in the center (Figure
12b). This is a sphere, typically half wavelength or larger in diameter that can have the
same or different refractive index than the layers. The third type of Bragg microcavity has
a shell defect, that is the case when one of the spherical layers is thicker (Figure 12c) or has
different refractive index. Modes similar to WGMs are confined to this layer. We will not
be interested in this last type. All this structures also have equivalents in 2D case, that are
referred to as circular, disk and ring Bragg microcavities, respectively [87].

In the case of microcavity with the central defect, the optical modes are confined into
this central region, with the intensity exponentially decaying into the surrounding periodic
structure. The resonant frequencies lie in the PBG frequency region, and are therefore called
bandgap modes or defect modes. If there is no defect at the center, the modes in such cavity
are delocalized and occupy much of the volume of the cavity. Their frequencies lie on the
edge of the bandgap or near the bandedge, so they are called bandedge modes.

For the Bragg microcavity with the defect at the center, the electromagnetic field in the
core can be expressed as the sum of incoming and outgoing waves. In stationary case the
amplitude of both waves in the core should be equal and finite in the center. Therefore, the
field in the core is described with spherical Bessel functions. On the other hand, the at the
interface of the defect, the amplitude of the outgoing wave should be equal to the amplitude
of the outgoing wave from the layered structure multiplied by the reflection coefficient rb.
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Figure 12: Three basic types of spherical Bragg microcavities. a) A normal spherical Bragg micro-
cavity, b) with a defect in the center and c) with a shell defect.

So, the equation for the eigenmodes of a spherical Bragg microcavity with the defect radius
of R0 is

rbh
(1)
l (kR0) = h

(2)
l (kR0). (63)

This equation gives solutions for both TE and TM modes, however, the reflection coefficient
rb is different for each polarization. If rb is close to unity, that is in the case of low absorbtion
(high Q-factor) and the core diameter is equal or larger than the wavelength of the light,
the frequencies of the TE modes can be approximated as

ω =
b+ π(2N + l + 1)

b/ωb + 2n0R0/c
(64)

and for TM modes as

ω =
b+ π(2N + l)

b/ωb + 2n0R0/c
(65)

where ωb is the Bragg frequency for the spherical Bragg structure, b = πn1n2/(n0(n2 −n1))
and N is an integer. For smaller core diameters we have to solve the equation (63).

All the TE and TM modes have zero electric field in the center of the cavity, except for
TM mode with l = 1 and m = 0 (Figure 13a). For this case, the electric field is oriented
along the z-axis and the maximum is achieved in the polar areas in the low index layer, just
outside the core. For TE mode with l = 1 and m = 0 (Figure 13b) the field has torroidal
structure with zero electric field in the center. For both TE and TM polarizations with l = 0
and m = 0 the far field pattern corresponds to the radiation of a dipole oscillating along the
z-direction.
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Figure 13: Intensities for two Bragg defect modes. TE and TM magnitude of field squared for l = 1
and m = 0 in cross section of a spherical Bragg cavity with the central defect. The layers correspond
to a spherical quarter-wavelength spherical reflector and the core diameter is approximately half the
wavelength. Reprinted with permission from [86].

2.5 Liquid crystals

2.5.1 Introduction to liquid crystals

In nature there are three basic states of matter: solid, liquid and gas. However, there
are substances, that have several phases between solid and liquid state. Their symmetry
properties are in between solids and liquids. This kind of substances are therefore called
liquid crystals (LC). Their molecules diffuse like molecules in liquids but maintain some
degree of orientational order and sometimes also positional order. The order brings several
anisotropies like: birefringence, anisotropic viscosity and transfer of statical torques. The
properties of LCs derive from the shape of the molecules. They are elongated in one direction
or in the shape of a disk.

2.5.1.1 Nematic liquid crystals

In nematic liquid crystal the molecules do not have long range positional order but they
have orientational order (Figure 14). This means that in average all the molecules point
in the same direction. This direction is characterized by a vector of unit length n called
the director. Directions n and −n are equivalent. The direction of the director in bulk is
arbitrary or it is defined by an external field. In confined systems the director is defined by
the boundary conditions at the interface between the LC and another substance.

Figure 14: LC molecule orientation. a) Deviation of the LC molecule direction from the director and
b) orientational disorder of LC molecules. Reprinted with permission from [88].
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2.5.1.2 Order parameter

With the director we described the mean direction of the LC molecules. Now we want to
characterize how good is the orientation of the molecules in that direction. For that purpose
we construct a scalar quantity called order parameter, defined as

S =
1

2
< (3 cos2 θ − 1) >=

∫
f(θ)

1

2
(3 cos2 θ − 1)dΩ. (66)

where θ is the angle between the director and the long axis of the molecules (Figure 14a).
In the isotropic phase it is equal to zero, in the crystal phase equal to one, whereas in the
nematic phase its value is usually in between 0.3 and 0.7

2.5.1.3 Elastic properties of liquid crystals

In the nematic phase the director is uniform in space. However, usually because of confine-
ment and external fields the director varies spatially. This deformation of LC costs energy
and therefore the elastic energy density is equal to

felast =
1

2
K11(∇ · n)2 + 1

2
K22(n · ∇ × n)2 +

1

2
K33(n×∇× n)2. (67)

This elastic energy is called also Oseen-Frank energy, andK11, K22 andK33 are referred to as
the Frank elastic constants. For 5CB at room temperature the values are K11 = 0.64×10−11

N, K22 = 0.3× 10−11 N and K33 = 1× 10−11 N.

2.5.1.4 Electric field effect in liquid crystals

Liquid crystals are important from the application stand point of view because of their
large response to an external electric field. With just few volts applied to a LC cell, the
reorientation of the LC molecules and change of the optical properties of the cell can be
achieved. Electric field induces electric dipole in LC molecules, which is dependent on the
orientation of the molecules, since they posses dielectric anisotropy. We define χ∥ as the
dielectric susceptibility parallel to the long axes of the molecule, and χ⊥ as the dielectric
susceptibility perpendicular to this direction. The anisotropy of the dielectric susceptibility
is then ∆χ = χ∥ − χ⊥ and the anisotropy of the dielectric constant is ∆ϵ = ϵ∥ − ϵ⊥ =
(1 + χ∥) − (1 + χ⊥) = χ∥ − χ⊥ = ∆χ. The induced polarization for an arbitrary angle
between the electric field and the nematic director is given by

P = ϵ0χ∥(E · n)n+ ϵ0χ⊥[E− (E · n)n] = ϵ0[χ⊥E+∆χ(E · n)n]. (68)

The density of the electric free energy is calculated as

felec = −1

2
P ·E = −1

2
ϵ0[χ⊥E+∆χ(E · n)n] ·E = −1

2
ϵ0χ⊥E

2 − 1

2
ϵ0∆ϵ(E · n)2. (69)

This is an additional contribution to the total free energy of the LC (67). We can neglect the
first term, since it is not dependent on the orientation of the nematic director. The director
will orient so that the total free energy will be minimal. If ∆ϵ > 0 the molecules tend to
align along the electric field and if ∆ϵ < 0 the molecules tend align in the perpendicular
direction. Most nematic LCs have positive dielectric constant, since the polarizability is
larger along the long axis of the molecule.



Theoretical background 27

2.5.1.5 Change of the refractive indices of liquid crystals by temperature

In the nematic liquid crystal phase the bulk refractive indices ne and no correspond to
the dielectric constants along and perpendicular to the nematic director. We can define
birefringence ∆n that is the difference between the two indices

∆n = ne − no. (70)

At high temperature, when the LC is in the isotropic phase, the molecules do not have
any rotational order. In this case the liquid crystal is optically isotropic and the average
refractive index is

⟨n⟩ = ne + 2no
3

. (71)

Similar to the isotropic liquids, the average refractive index of LCs depends on the
density of the material and decreases with the increasing temperature, since also the density
decreases. The average refractive index in the isotropic, as well as in the nematic phase can
be approximated as

⟨n⟩ = A−BT, (72)

where A and B are the material parameters. In the nematic phase the molecules are in
average oriented along the director direction, but are fluctuating around this average di-
rection. The degree of the orientational order is given by the order parameter S that is
strongly temperature dependent and decreases when approaching the isotropic phase. The
bulk refractive indices are also dependent on the amount of orientational fluctuations and
therefore on temperature [89]. The birefringence decreases with temperature and reaches
zero in the isotropic phase. It is described by the Haller approximation

∆n(T ) = (∆n)0

(
1− T

TC

)β

, (73)

where (∆n)0 is the birefringence in the crystalline state with perfect orientational order
at T = 0, TC is the isotropic-nematic phase transition temperature and β is a material
constant. Using (70), (71), (72) and (73) the ordinary and extraordinary refractive indices
are

no(T ) = A−BT − (∆n)0
3

(
1− T

TC

)β

(74)

and

ne(T ) = A−BT +
2(∆n)0

3

(
1− T

TC

)β

. (75)

Near to the isotropic-nematic phase transition temperature, the contribution of the BT fac-
tor is negligible in comparison to the effect of the last term. The ordinary refractive index is
therefore increasing with temperature, while the extraordinary refractive index is decreas-
ing. Their change is much faster near the isotropic-nematic phase transition temperature.
The extraordinary refractive index change is approximately twice as large as that of the
ordinary refractive index.
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Figure 15: Refractive indices of E12 as the temperature is increased. With increasing temperature
the ordinary refractive index is increasing whereas the extraordinary is decreasing. At isotropic phase
there is only one refractive index. The refractive indices in the plot were calculated using (74) and
(75).

2.5.2 Surface anchoring of liquid crystals

In all applications of LCs, the liquid crystal is in contact with another substance. The
contact can be either with air, liquid or solid substrate. Because the interaction of LC on
the interface, the LC can be oriented in the preferred direction2. We distinguish three main
types of orientation: homeotropic, planar and tilted.

2.5.2.1 Anchoring on a anisotropic surface

If the surface is anisotropic, there is a preferred direction of LC molecules at the interface,
refereed to as the easy axis. The interaction energy is minimal when the liquid crystal
director is pointing in the direction of the easy axis. However, the direction of the director
can be different in the bulk, which can also influence the director at the interface. So the
director at the interface is not always parallel to the easy axis.

We define polar angle θ0 and the azimuthal angle ϕ0 for the easy axis. If θ0 = 0, the
anchoring is homeotropic. If θ0 = 90◦ and ϕ0 is well defined, the anchoring is referred to
as planar. If θ0 = 90◦ and there is no preferred azimuthal angle, the anchoring is called
degenerate planar. If 0◦ < θ0 < 90◦ and ϕ0 is well defined, the anchoring is tilted, whereas
if there is no preferred azimuthal angle the anchoring is conical.

The liquid crystal director n is pointing in the direction specified by the polar angle θ
and the azimuthal angle ϕ. The mismatching of n and easy axis gives rise to the anchoring
energy function of the liquid crystal: fs = fs(θ, ϕ). When θ = θ0 and ϕ = ϕ0, fs has a
minimum value of 0. For small deviations the anchoring energy function can be expressed
as

fs =
1

2
Wp sin

2(θ − θ0) +
1

2
Wa sin

2 θ0 sin
2(ϕ− ϕ0), (76)

where Wp and Wa are the polar and azimuthal anchoring strengths.

The direction of the easy axis and the strengths of the anchoring depend on the chemistry
and the topology of the surface in contact with the LC. Planar anchoring can be achieved by
mechanically rubbing the substrate such as glass using a cloth. The rubbing creates micro
grooves along the rubbing direction (Figure 16a). When the liquid crystal is aligned parallel
to the grooves, there is no deformation. If the liquid crystal molecules were perpendicular
to the groves, there would be deformation, which costs elastic energy. Therefore the liquid

2Instead of using a substrate the LC can be also oriented using external field or flow of LC.
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Figure 16: Two types of anchoring of a NLC. a) Planar anchoring and b) homeotropic anchoring.
Reprinted with permission from [88]

crystal is homogeneously aligned along the grooves. The drawback with alignment created in
this way is that the anchoring strength (10−5 J/m2) is weak. A better choice for the planar
alignment layer is rubbed polyimide. The rubbing not only creates the micro grooves but
also aligns the polymer chains. The interaction between the liquid crystal and the aligned
polymer chains also favors parallel alignment and thus increases the anchoring energy. The
anchoring strength can become as high as 10−3 J/m2. Furthermore, tilted anchoring with a
few degrees pretilt angle can be made.

Homeotropic anchoring can be achieved using a monolayer of surfactants such as lecithin
or silane. The polar head of the surfactant is chemically attached to the glass substrate and
the hydrocarbon tail points out and perpendicular to the surface (Figure 16b). The inter-
molecular interaction between the surfactant and the liquid crystal promotes the homeotropic
alignment.

2.5.2.2 Anchoring on an isotropic surface

Consider a LC in contact with an isotropic interface such as isotropic solid (e.g. glass),
isotropic liquid (e.g. water) or as a free surface. It can also be in contact with gas or
isotropic phase of the LC itself. The later is especially easy to describe, since there is no
interaction with the substrate involved. The only thing that changes at this kind of interface
is the density and the order parameter of the LC.

On an isotropic surface there are three possible types of anchoring: degenerate planar,
homeotropic and conical. Planar and tilted anchoring are not possible for obvious sym-
metrical reasons. The degenerate planar anchoring is geometrically most reasonable with
elongated molecules lying parallel to the surface. An example is a free surface of nCB in
contact with clean flat glass or water. However, in some cases the anchoring can also be
homeotropic, as with nCB in contact with the solution of surfactant such as SDS. Taking
into account also the electrostatic interactions between the LC molecules and the substrate,
we can get conic anchoring. This is the case of the free surface of MBBA or its nematic-
isotropic interface. The angle of the conic anchoring at isotropic surface is very sensitive to
temperature and surface contaminants.

2.5.3 Cholesteric liquid crystals

If the LC mixture is chiral, the molecules are not any more oriented in the same direction,
but tend to rotate, making a helical twist, but locally the structure is still nematic. This
kind of liquid crystals are called cholesteric liquid crystals (CLC). The components of the
director are

nx = cos(q0z + ϕ)

ny = sin(q0z + ϕ)

nz = 0, (77)
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where the pitch is

p =
2π

|q0|
. (78)

Both the direction and the phase of the helical twist z and ϕ are arbitrary and are usually
defined by the surface. The sign of q0 distinguishes between left- and right-handedness.

The liquid crystal molecules can be chiral by themselves, but usually a mixture of nematic
LC and a chiral dopant is used. By changing the concentration of the dopant the pitch can
be adjusted to the needs. The pitch is inversely proportional to the dopant concentration
as

p =
1

βcw
(79)

where β is helical twisting power (HTP) and cw is weight concentration of the chiral dopant.
HTP it is highly temperature dependent, so it is also the pitch. It can increase or decrease
with temperature or even change sign.

2.5.3.1 Position and width of the photonic bandgap

Chiral nematic liquid crystals provide periodic modulation of the refractive index that in-
fluences the light passing through the material. Due to the molecular chirality, the director
spontaneously twists in a direction perpendicular to the long molecular axes. The period-
icity of this helical birefringent structure depends on the molecular chirality and is in the
range from ∼ 100 nm to several micrometers. According to the pitch length compared to
the wavelength of the light we distinguish two interesting regimes of light propagation along
the helical axis [88]. When the pitch is much longer than the wavelength of light (P ≫ λ),
the polarization twists in phase with the liquid crystal director and follows the helix. This
is called the waveguide regime.

In the case when Pn ∼ λ, CLC reflects circularly polarized light with the same hand-
edness as the CLC. This means that a one-dimensional photonic bandgap exists along the
helical axis. The edges of the reflection band are given by λ1 = nep and λ2 = nop, so the
center of the bandgap is

λc =
ne + no

2
p = np (80)

and its width is
∆λ = ∆np. (81)

At angles different from normal incidence, the center of the reflection band shifts towards
shorter wavelengths in accordance to Bragg’s law. Under white-light illumination, cholesteric
liquid crystals are often characterized by the fascinating iridescent colors of the reflected
light. The reflectance of a cholesteric layer for the light in the center of the reflection band
can be approximately given by [88]

R ≈

(
1− e−2∆nπh/np

1 + e−2∆nπh/np

)2

, (82)

where h is the thickness of the layer.
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3 Materials and methods

3.1 Liquid crystals

To make the microcavities, different nematic liquid crystals were used as the material for the
droplets. The most common and widely studied NLC is the 5CB (4-cyano-4’-pentylbiphenyl,
Nematel). It has ∼ 10◦C wide nematic temperature range around room temperature and
medium birefringence. In this work, 5CB was used in some experiments, especially for LC
biosensors. For experiments with electric field tuning, E12, a mixture of cyano-biphenyls
(Merck), was used. Higher birefringence enables wider tunability and higher refractive index
gives larger index contrast to the outside medium, the microcavities therefore having higher
Q-factors. Larger birefringence and wider nematic temperature range also enables larger
temperature tunability. For some time now, E12 is no more commercially available, so other
wide temperature range commercial LC mixtures have been used also in this work. High
birefringence mixture MLC-2132 (Merck) and low birefringence mixture MLC-7023 (Merck)
were used. All the LCs used in this work have positive dielectric anisotropy.

To prepare chiral nematic (cholesteric) mixtures, S-811 chiral dopant (Merck) was used
in concentrations from few percents up to 30wt%. The dopant was added to the nematic
LC, the mixture was heated to isotropic phase and mixed for few minutes. If the mixing
was performed at room temperature in the nematic phase, the concentration of the dopant
was very nonuniform and so was also the pitch and the wavelength of the reflection band.

Table 1: Properties of LCs. Refractive indices (measured at room temperature and at ∼ 600 nm)
and transitions temperatures for liquid crystals used in this work.

Liquid crystal no ne ∆n C → N N → I

5CB 1.54 1.71 0.17 24◦C 35◦C
E12 1.52 1.74 0.22 −10◦C 59◦C
MLC-2132 1.51 1.77 0.26 ND 114◦C
MLC-7023 1.46 1.53 0.07 ND 80◦C

3.2 Dyes

As a source of light inside the LC microcavities, different fluorescent dyes were used. Since
we used green excitation lasers (514 nm and 532 nm), all the used dyes have strong absorbtion
in green part of the spectrum and emission in the red.

One of the most important property of the dyes is their solubility in LCs. Typical
concentrations ranged from 0.01wt% to 0.1wt%. But especially for lasing, very large con-
centrations, sometimes several percents, are needed, so nearly saturated solutions up to
0.3wt% were used. Other important properties are quantum efficiency and photostability
against photobleaching. Photobleaching is a process where the dye molecules are irreversibly
converted to a non-fluorescent form. Depending on the shape of dye molecules they can ori-
ent in the same direction as the LC director or they can be randomly oriented. If they are
oriented, also their dipole moment has a well defined direction and therefore the absorbtion
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as well as the emission is strongly polarization dependent. This effect is used to image
local director field using a technique called fluorescence confocal polarization microscopy
(FCPM). In the case of microcavities the orientation of the dye molecules could increase the
coupling of the dye to a specific optical mode if the polarization matches the dipole moment.
However, in this work we did not notice a major impact on the results.

The dyes used were

• Rhodamine B tetradecyl ester chloride (SPP-106), Figure 17a

• Rhodamine B octadecyl ester perchlorate (Sigma-Aldrich)

• BASF Lumogen F Red 305

• 4-dicyanomethylene-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM, Exciton)

• 7-diethylamino-3,4-benzophenoxazine-2-one (Nile red, Sigma-Aldrich), Figure 17b.

At first we tried to use used Rhodamine B, since it has high quantum yield, but we
found that it has low solubility in LCs. SPP-106 is Rhodamine B but with an added non-
polar tail. It has advantages over plain Rhodamine B, since the non-polar tail of the dye
ensures better solubility in the liquid crystal and prevents the diffusion of the dye into the
surrounding medium such as PDMS polymer. The SPP-106 was synthesized by Dr. Stane
Pajk from Prof. Slavko Pečar research group, Faculty of Pharmacy, University of Ljubljana.
Rhodamine B octadecyl ester perchlorate is a similar compound and it is commercially
available. Another commercially available dye is BASF Lumogen, that is used to dye plastic
products. It has very high stability against photobleaching, but it can have low solubility in
certain LCs. For lasing experiments in cholesteric liquid crystals, DCM dye is from literature
by far the most used one. With good stability and solubility is well suited for most lasing
experiments. We have found that Nile Red has among this dyes the best solubility in most
liquid crystals. Higher concentrations in this case can give lower thresholds for lasing. Nile
Red is also used for FCPM since it has good dipole orientation in LCs.

To prepare the dye solution in a LC, a small amount of dye was weighted and added to
the LC. The LC was heated to isotropic phase and well mixed. After cooling back to room
temperature, the solution was centrifuged to remove non-dissolved dye crystals. If smaller
concentration of dye was needed it was difficult to weight sub milligram quantities of dye.
Therefore, a more concentrated solution was first prepared and than diluted.

In the first experiments also CdSe fluorescent quantum dots were used instead of a dye.
They poses superior optical stability, but tend to agglomerate in LCs, which limits their
concentration.

Figure 17: Dye molecules. Molecular structure of (a) SPP-6 and (b) Nile red. Adapted from Ref. [90].

3.3 Carrying medium

An important part of a LC dispersion is also the carrying medium. It enables formation
of droplets, gives them mechanical support and the right anchoring. We can for example
use just distilled water, that gives planar anchoring. However, if there are some impurities
in the water, the anchoring can become tilted or even homeotropic. For stronger planar
anchoring we can add 5% of polyvinyl alcohol (PVA), which also makes the dispersion more
stable, preventing coalescence of droplets. For homeotropic anchoring in water, a surfactant
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can be added (see Section 4.7). Typical concentrations are in the order of 10µg/ml. In our
work > 4mM sodium dodecyl sulfate (SDS) was used for homeotropic anchoring. Critical
micelle concentration for SDS is 8.4mM. Using SDS at concentration above the critical
micelle concentration results in 5CB dissolving in the aqueous solution of micelles [91]. SDS
makes the dispersion stable for months. As the outside medium with planar anchoring also
glycerine can be used. It has higher viscosity, which facilitates the formation of droplets
by mechanical mixing and also prevents to a certain level the movement of the droplets.
Its higher refractive index can be beneficial in certain cases. Some LCs are slightly soluble
in glycerol, but this was not a big problem in our experiments. All of this materials work
perfectly for making droplets, however they are not appropriate for applying electric field to
the droplets. In this case water is not at all suitable, since electrolysis occurs. The droplets
are also deformed by the electric field and can also be pushed to one electrode, so a solid
matrix should be used. By trying different polymers we found that majority of them are
soluble in LC or have planar anchoring. We found, that PDMS (Sylgard 184, Dow Corning)
is the most suitable for our purposes. It is a two component system: a base polymer and
a curing agent. The base polymer is a viscous fluid, that can be used alone to make the
LC dispersion, giving good results. For initiation of the polymerization 10% of the curing
agent is mixed with the base. The polymerization rate is temperature dependent and the
polymerization takes 48 hours at room temperature or as little as 15 min at 150 ◦C. In our
case the polymerization was performed at room temperature, not to effect much the LC
droplets. The PDMS containing the droplets can also be used as a free standing film, that
can be mechanically deformed. An alternative to PDMS is CYTOP fluoropolymer. Because
of its low refractive index (1.34), homeotropic anchoring, good chemical stability and low
LC solubility it is a good candidate.

Table 2: Carrying materials. Refractive indices and anchoring of materials used as medium for LC
droplets.

Material Refractive index LC anchoring

PDMS (Sylgard 184) unpolymerized 1.38 homeotropic
PDMS (Sylgard 184) polymerized 1.42 homeotropic
water 1.33 planar
5% PVA solution in water 1.34 planar
5mM SDS solution in water 1.33 homeotropic
glycerol 1.47 planar

3.4 Making dispersion of LC droplets

After preparation of the dye doped LC mixture, the LC dispersion should be prepared. In
the case of PDLCs the droplets are usually made by phase separation [45]. This means that
initially the LC is dissolved in a polymer and the droplets are formed by polymerization-,
thermally- or solvent-induced phase separation. In this case the droplets are very small,
usually less than one micrometer, very dense and sometimes also of irregular shapes. In our
case we need droplets larger than 10µm, with as possible smooth surface, spherical shape
and that are well separated from each other. Therefore, the procedures for making PDLCs
are not appropriate for our case. The easiest way to achieve the desiderate properties of
the dispersion is by mechanical mixing of the LC with a fluid that is immiscible with the
LC (Table 2). The surface tension makes the droplets perfectly spherical and with smooth
surface.

The mixing procedure differs for different carrying mediums. For fluids with high vis-
cosity like glycerol and PDMS a small quantity, typically around 100µl was put into a small
bottle. Using a 10µl pipette a small amount of LC mixture (typically 1µl− 5µl) was intro-
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duced in the center of the liquid. Stirring was performed using the same pipette by making
circular movements. For PDMS, that is very viscous, just few turns were needed, but for
glycerol a more vigorous mixing for ∼ 30 s was performed. For water based dispersions,
∼ 10µl of LC was introduced into ∼ 1ml water solution. Water has to low viscosity to
produce small enough droplets just by stirring with pipette, so the whole bottle was vigor-
ously shaken by hand for ∼ 10 s. Alternatively, the water dispersion can be produced also
by introducing the mixture of LC and water solution into ultrasonic bath. However, in this
case also undesired very small droplets are formed, thus this method was avoided.

The mixing procedure is the same for different LCs, no matter if they are nematic,
cholesteric or even smectic. Just for LCs with very high viscosity such as polymerizable
mixtures and with LCs with LC phase above room temperature, the mixing is a little bit
different. In this case the carrying fluid is heated before introducing the LC, the LC is then
mixed and then the dispersion is cooled back to the room temperature. Especially for CLCs
it is important not to prepare the mixture at to high temperature. The CLC should not go
to isotropic phase, since at cooling back to cholesteric phase, a lot of defects are formed in
the droplets. This is usually not a problem for NLCs, except for the ones with very high
viscosity.

No other special mixing protocols were used, as the dispersions readily form, even when
mixing manually. The only drawback of this method is that the droplets have very wide
size distribution, from submicron to several hundreds of micrometers. In literature there
are different methods for producing monodisperse droplets, that can be applied also for our
dispersions. The LC droplets can be for example produced in a microfluidic channel [92].
Another method is to use monodispersed silica particles as templates [65]. Silica particles
are covered with a thin permeable shell of polyelectrolytes, then the silica core is etched out
and LC is introduced into the shell.

The dispersion was enclosed into thin glass cells. Two glass slides were sandwiched into
a cell, where the cell-gap was controlled by polymer spacer of different thickness usually
20µm − 150µm. To apply electric field to the droplets, glass slides covered with a thin
indium-tin-oxide (ITO) layer, serving as an electrode, were used. The ITO electrodes were
in the interior of the cell and the thickness was as small as possible to get the largest electric
field strength. The LC dispersion was introduced to a glass cell using capillary force, and
the cell was sealed with two component epoxy glue.

3.5 Optical setup

In order to observe, manipulate and excite the droplets an optical setup build around an
inverted microscope was used. For the purpose of this work our old tweezers setup with
argon laser was upgraded with several new devices. The configuration of whole setup is
shown on Figure 18 and the photo in Figure 19 shows how it looks in reality. The IR
tweezers are used to manipulate particles. The Ar+ tweezers were originally meant also for
manipulating the particles, but in this work they were mostly used for fluorescent excitation.
The pulsed laser was used to excite the microlasers in order to go above the lasing threshold.
A spectrometer was than used to analyze the fluorescent light emitted from the samples.

The central part of the setup is an inverted optical microscope (Nikon Eclipse TE2000-
U) on an optical table floating on air. To attach optical devices, the microscope has two
side ports, one front port and two dichroic mirror turrets enabling the insertion of the light
from the back of the microscope. The sample is mounted on a motorized X-Y-Z stage (Prior
OptiScan II) that can be precisely controlled by a joystick or from a computer program. The
microscope is equipped with a low magnification objective (Nikon Plan Fluor 20×/0.5) and a
high numerical-aperture long working distance water-immersion objective (Nikon NIR Apo
60×/1.0w). The later is especially meant for laser tweezers manipulation, but because of
high numerical aperture is capable of collection a lot of light and therefore also useful for low
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intensity processes such as fluorescence. In the experiments with temperature control of the
sample, the water-immersion objective is not appropriate since the water that is in contact
with the sample conducts heat and in the case of elevated temperatures also evaporates
too quickly. In this cases a high numerical-aperture long working-distance objective with
coverglass thickness correction ring (Nikon Plan Fluor 60×/0.7) was used. On the back of
the microscope two tweezers setups were attached, each using its own filter turret. The
laser light from both tweezers is reflected from the dichroic mirrors to the objective, filling
its back aperture. The laser tweezers (TOU-200si, Tweezer unit, Aresis) on the top turret
operate in infrared at 1064 nm using a CW 5W Nd:YAG fiber laser (Tweez 200si, Laser
unit, Aresis). In this case the used dichroic mirror reflects light with wavelength longer
than 700 nm and transmits light bellow it. The laser tweezers at the bottom turret (LTM-
N2000-A, Aresis) uses a CW Ar+ ion laser (Coherent, Innova 90C-4) with wavelength of
514.5 nm and 1.7W of maximum power. The dichroic mirror reflects light with wavelength
shorter than 520 nm and transmits light above it. Each laser tweezers are controlled by a
separate software (Tweez v2.1 and Tweez v2.13m, Aresis) that enables creation of multiple
traps which position and strength can be controlled individually.

Figure 18: Schematics of the optical setup. The optical setup is build around an inverted microscope
(center). There are three lasers (right) coupled in the microscope through different optical devices
including two AODs working as optical tweezers. A spectrophotometer (bottom left) used for spectral
analysis, is also coupled to the microscope. A computer (top left) controls the temperature, electric
field and the position of the sample as well as other optical devices.

In between the bottom laser-tweezers setup and the filter turret there is an additional
port with a dichroic mirror that is used for the insertion of a third laser. This port is used
for an actively Q-switched doubled Nd:YAG laser with a pulse length of 1 ns, a maximum
repetition rate of 10 kHz and a maximum pulse energy of 10µJ (Pulselas-A-1064-500, Alpha-
las). The active Q-switching enables precise triggering of laser pulses by an outside pulse
generator with frequencies ranging from single shot up to the maximum repetition rate.
At the laser output, both second harmonic (532 nm) and the remaining fundamental wave-
length (1064 nm) that is not doubled, are present1. By introducing cold or hot mirror, we

1Recently also an external third harmonic generator (THG, Alphalas) was bought that can be mounted
in front of the pulsed laser and can produce UV light with 355 nm wavelength.
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can send either just IR or just green laser light to the microscope. The laser is then passed
through two Glan-Taylor polarizers. The first polarizer is aligned with the polarization of
the laser and so just improves its polarization. The second one can be rotated such that the
transmitted intensity can be adjusted. After the polarizers, there is a adjustable Galilean
beam expander (f1 = −50mm and f2 = 100mm). By changing the distance between the
two lenses the beam can be made either collimated or a little bit convergent or divergent. In
the case of a collimated beam it fills the back aperture of the 60× objective and it is focused
by it to a diffraction limited spot. If the beam is divergent or convergent it is focused by the
objective outside the focal plane. In this way we can illuminate larger spot on the sample,
that can be as large as 100µm by using 20× objective. To manually steer the laser beam, a
gimbal mirror is located in the focal point of the telescope that transfers the angle change
to the back aperture of the objective.

By using appropriate dichroic mirrors, almost any combination of the four laser beams
(CW 514 nm, CW 1064 nm, pulsed 532 nm and pulsed 1064 nm) can be used simultaneously
except the two IR lasers can not be used at the same time, as well as the two green lasers
can not be used at the same time.

To collect light from the sample, it can be sent to either one of the side or front ports.
On the right port there is a CMOS camera (PixeLINK, PLA741, 1280×960 pixels, physical
pixel size 6.7µm) enabling observation of the sample. The camera is especially suitable
for fast imaging, such as tracking of particles, but it is not sensitive enough to observe
low intensity fluorescence. To the left port we attached an imaging spectrometer (Andor,
Shamrock SR-500i) with the input slit positioned in the focal plane of the microscope, which
means that the sample is imaged onto the slit. The spectrometer is a Czerny-Turner type
with 500mm focal length. In the spectrometer there are three interchangeable diffraction
gratings (300 lines/mm, 1200 lines/mm and 2400 lines/mm), all of them blazed at around
500 nm. The gratings can be rotated to any position so that the appropriate spectral range
is imaged onto the CCD. By using the 2400 lines/mm grating a maximum optical spectral
resolution of 0.05 nm can be achieved. Imaging spectrometer means that the plane at the
input slit is imaged 1:1 to the output slit or CCD camera. If there will be a mirror instead
of a grating, the spectrometer would just transfer the image. Actually this can be done by
rotating the grating to its zero order where it acts as a mirror and if the input slit is wide
open, the image from the microscope can actually be seen by the CCD. In normal operation
the slit is narrow (minimum width is 10µm) and the grating is rotated so that the first
diffraction order is transmitted through the spectrometer. In this case each point on the slit
is dispersed to different wavelengths by the grating. This enables the capturing of different
spectra along the slit, that means a line stretching along the sample. The spectrometer also
has an additional input for coupling in the light from a fiber and an additional output slit.

To the spectrometer there is attached a cooled back illuminated EM-CCD camera (An-
dor, Newton DU970N). It has an elongated detector with 16×16µm pixel size and 1600×200
pixels, specially designed for spectroscopy. The 95% peak quantum efficiency, cooling to
−85◦C and electron multiplication (EM) enable the sensor to have single photon sensitivity.
Therefore it is especially suitable for low light applications such as fluorescence. Using full
vertical binning, spectra can be taken up to a maximum rate of 1600 per second, enabling
the study of fast processes.

Before we bought the imaging spectrometer and the EMCCD camera, two compact spec-
trophotometers were used. The light was coupled out of the microscope from the front port
into an optical fiber and to the spectrophotometer. Ocean Optics USB4000 spectropho-
tometer with spectral resolution of 1.5 nm and Ocean Optics Maya 2000 Pro with spectral
resolution of 0.03 nm were used. Both have fixed grating and slit and are not particulary
sensitive to light. A small number of high resolution linewidth measurements were also
performed on a Raman spectrometer (LabRAM HR800, Horiba Jobin Yvone) equipped
with multi-channel, air cooled CCD detector, coupled to an optical microscope (BXFM,
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Olympus). The resolution of the spectrometer is 0.019 nm per detector pixel.

Figure 19: Photo of the optical setup. An artistic view of how the actual setup looks like in the
laboratory.

Most of the devices integrated into the optical setup are connected to the computer and
can be controlled by it. Several computer programs were written in Matlab to control the
devices. This includes the temperature control by using ITC-503 temperature controller
(Oxford Instruments), digital-to-analog converter (National Instruments, NI USB-6008) for
applying electric field to the sample, CCD camera triggering, external AOD control and Prior
Z stage control. Custom software was also developed for reading and analyzing spectra.

3.6 Microfluidic setup for chemical sensing

For sensing experiments, measurements of lasing on single trapped droplet were carried out
while at the same time changing the concentration of the surfactant. The droplets were
prepared from 5CB doped with 0.1wt% Nile red. The dispersion was produced by shaking
of 1ml of 4mM water solution of SDS and 10µl of dye-doped 5CB. In this solution, the
5CB droplets obtain the radial configuration of the LC molecules and the SDS stabilizes the
dispersion and prevents from sticking of the droplets to the walls of the microfluidic channels.
A single LC droplet was observed and held in place by the IR laser tweezers through the
60× water-immersion objective. Most of the other droplets were flushed out by the flow.
To reduce the necessary trapping power to minimum not to heat or deform the droplet, the
measurements were performed in a blind leg of a T-shaped microfluidic channel where the
flow is slower. The needed trapping power in this case was of 70mW. We were not able to
trap the droplets in 3D, so they were pushed to the upper channel surface. The channels were
mad manually by cutting with a knife into an already polymerized PDMS layer (Sylgard
184, Dow Corning) that was attached to a glass slide to seal the channel. Three holes have
been made in PDMS to which silicon tubes with inner diameter of 1mm were attached. The
channels had a relatively large cross section of approximately 1mm × 1mm enabling large
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flows of water (500µl/min). We have kept the flow continuously running also when adding
different concentrations of SDS.

Before starting the experiments, any traces of SDS used to stabilize the dispersion of
droplets in order to introduce them into the microfluidic system, were flushed out by pure
water. Than gradually increasing concentration of SDS was fed through the main channel
without interrupting the flow. The flow was generated exclusively by gravity, by having the
reservoir with water higher than the end of the tube connected to the exit of the microfluidic
chip. The height difference was few centimeters. The trapped droplet was excited above
the lasing threshold by the green Q-switched laser (532 nm) with repetition rate of 200Hz.
The laser light was focused by the objective to a waist diameter of ∼ 100µm, illuminating
the whole droplet uniformly. The spectrum was recorded by the Andor spectrometer in 2 s
intervals.

Figure 20: Microfluidic setup for chemical sensing. a) Schematic view of the T-shaped microfluidic
channel. The IR laser tweezers were used to trap an individual LC droplet in the blind leg of the
microfluidic chip. The droplet was pushed to the upper surface by the laser. b) The microfluidic chip
mounted to the microscope and illuminated by the pulsed laser. The third leg of he microfluidic chip
was actually also connected to a tube, to initially fill it with droplets. This tube was then sealed.

3.7 Setup for angular measurements of the 3D laser emission

To measure the angular dependance of lasing from cholesteric lasers a setup was needed
that would enable the observation of the lasers from multiple angles. A CCD camera with a
long working distance 10× objective was mounted so, that it could rotate 180◦ around the
sample. A X-Y stage was used to center the objective focus into the center of rotation.

In the first angular measurements, the dispersion of CLC microdroplets in glycerol was
introduced in between two glass slides. However, in this case the angle of observation is
limited by the total internal reflection from the glycerine to the outside air. Also reflections
on glass surfaces needed to be taken into account and the original intensity should be
recalculated depending on the angle. Instead, in later experiments, the dispersion was
introduced into a 1mm diameter glass capillary, so that the droplets could be observed from
all directions. The capillary was mounted on a X-Y-Z stage so that it could be positioned in
the center of rotation and Z direction was used to travel up and down the capillary. A single
droplet that was positioned as near as possible to the center of the capillary was observed.
If the droplet is on one side of the capillary, the glycerol acts as a lens and distorts the image
in a different way when viewing from different directions. The droplet was illuminated from
one side by tightly focused laser. A fiber with a lens and connected to the spectrometer was
used to check if the droplet is lasing. An additional white light illumination was used to
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see the droplets and to align the setup. The CCD camera was rotated around the sample
and a video was taken. The intensity of lasing was extracted from this video taken at
different positions around the droplet (Figure 73). Only pixels with the highest intensity
corresponding to high intensity from the center of the droplet were taken into account.

To measure the spectral dependence of lasing, the optical fiber that has been used to
check if the droplet was lasing, was placed instead of the camera and rotated around the
sample. With the fiber we were not able to accurately measure the intensity, since with the
fiber it is no possible to actually see the droplets and to align it perfectly. Also with the
camera, if the image of the droplet moves across the image while rotating the camera, the
intensity can still be extracted. In the case of the fiber the image of the droplet should be
always exactly centered to the fiber. Even though the measured intensity with the fiber was
not constant, the spectral position of the laser line could be easily extracted from the data.

Figure 21: Experimental setup for angle dependence measurements. The sample, in this case the
dispersion of CLC droplets in glycerol in between two glass slides, is located in the center of the
image. From left, the sample is illuminated by a green pulse laser. The light from the sample is than
captured by a fixed fiber (top left) and a rotating CCD camera (top right). A white light illumination
source is also used (bottom left).

3.8 Setup for 3D laser polarization measurements

Polarization of the light emitted from the CLC microlasers was also investigated. The setup
should be able to measure if the light is linearly, circularly or elliptically polarized. The
sample was illuminated by circulary polarized light from the doubled Nd:YAG pulsed laser
by inserting a quarter-wave plate. To measure linear polarization of the light emitted from
a single 3D laser, a polarizer is inserted between the sample and the detector. If the light
is linearly polarized there will be a modulation of light intensity on the detector, when the
polarizer is rotated. To measure circular polarization a broadband quarter-wave plate was
inserted in between the sample and the polarizer and the intensity is again measured as
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the polarizer is rotated. The quarter-wave plate in this case transforms circularly polarized
light to linear polarization. Wave plate and polarizer could be inserted in between the
microscope and the spectrometer in the standard optical setup (Figure 18), however, the
light is in this case passing through dichroic beam splitters and other optical components in
the microscope, which could change its polarization. Therefore, the light was collected by
an independent optical setup above the sample (Figure 22) consisting of a 10× objective,
optional quarter-wave plate, rotating polarizer, longpass filter and fiber coupler. The light
was then sent through the fiber to the spectrometer.

Figure 22: Experimental setup for 3D laser polarization measurements. The inset shows the actual
setup in the laboratory.

3.9 Sample preparation and setup for strain tuning

For the strain measurements a soft matrix containing the LC droplets should be used. We
decided to use a thin self standing film of PDMS and stretch it to achieve the mechanical
deformation. The PDMS is known to be a good carrying for the LC droplets, since it has
been used before by us in the electric field tuning experiments (Section 4.3). It is also soft
enough that can withstand high applied strain. By changing the amount of added currying
agent, its mechanical properties can also be changed. To make the film, the dispersion of
LC droplets in PDMS was introduced in between two microscope slides that were separated
by 150µm spacers. The two glass slides were dipped into a solution of soap and dried before
they were used in order to achieve easier detachment of the PDMS film. After 48 hours the
polymerized PDMS was removed from the glass slides forming a free standing film. The
film was mounted to a microscope, so that one end was fixed and the other was attached
to a translation stage having a micrometer screw (Figure 23). In this way the film could
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be manually stretched with 10µm precision. The Ar+ laser was used to illuminate a single
droplet near its rim. The film was stretched in small steps and each time the spectrum was
recorded. Every time when strain was increased, the droplet moved out of the center of the
image and the laser was not illuminating it any more. So the droplet had to be repositioned
to the original location by using the motorized X-Y microscope stage.

Figure 23: Experimental setup for strain tuning measurements. a) A 150µm thick free standing
PDMS film containing the LC droplets is glued to two metal holders. The right holder is attached
to a micrometer screw that allows precise stretching of the film. b) A closer view of the film.

3.10 Sample preparation for electric field tuning

For electric field tuning experiments, a dispersion of E12 was prepared in PDMS, which was
then polymerized. When applying electric field it is important, that the droplets are fixed
and do not deform or move under the action of the field. Therefore, a solid matrix was used.
As a material E12 was chosen because it had the highest birefringence among the available
LCs in the lab, therefore enabling the highest tunability. The E12 LC was doped with
SPP-106, the only LC soluble dye, that did not diffuse in to the surrounding PDMS and
was available in the laboratory. Later, a number of different fluorescent dyes were found to
be suitable for this purpose (Nile red, BASF Lumogen dyes, DCM, etc.). The LC droplets
were prepared by method described in Section 3.4. The dispersion was then introduced in
between two glass slides covered with a thin indium-tin-oxide (ITO) layer, serving as an
electrode. The electrodes were in the interior and the cell thickness was controlled by 20µm
polymer spacers. A single droplet was observed using the inverted microscope by the 60×
objective, illuminated by the argon laser and the spectra was analyzed by a spectrometer.
While measuring the spectrum, a sinusoidal electric voltage with the frequency of 50 kHz
was applied to the ITO electrodes. The corresponding electric field in the cell was up to
2.6VRMS/µm. The voltage amplitude was controlled using the digital-to-analog converter,
that was used as a external modulation connected to a function generator. A 10× amplifier
was used in between the function generator and the sample.

3.11 Preparation of cholesteric 3D lasers

For 3D Bragg lasers, a mixture of a nematic LC and a chiral dopant was needed with the
pitch in the range of 400 nm producing photonic bandgap in red part of the spectrum. A
fluorescent dye dissolved in the CLC mixture was used as an active material. Two different
dye-doped cholesteric liquid-crystal mixtures were used. The low birefringence mixture was
prepared using MLC-7023 liquid crystal with 25.5wt% S-811 chiral dopant and 0.2wt% Nile
red fluorescent dye. The high birefringence mixture was prepared using MLC-2132 liquid
crystal with 26wt% S-811 chiral dopant and 0.5wt% DCM fluorescent dye. In both cases the
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dye concentration was near saturation. The concentration of the chiral dopant was chosen
so, that the longer wavelength edge of the cholesteric photonic bandgap overlapped with
the emission maximum of the fluorescent dye. To test this, the position of the photonic
bandgap was determined by measuring the spectrum of white light reflected from a 30-µm-
thick planar cell containing the mixture.

The dispersion of droplets in glycerol was prepared by method described in Section
3.4. The dispersion was introduced in between two glass slides separated by approximately
150µm. As single droplet was observed and illuminated by a pulsed laser through the 20×
objective. The actively Q-switched doubled Nd:YAG laser with a pulse length of 1 ns, at the
repetition rate of 200Hz and a maximum pulse energy of 10µJ was used as the excitation
source. It was focused through the same objective to a waist diameter of ∼ 100µm.
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4 Experimental results and discussion

4.1 Dispersion of liquid-crystal droplets

To make the LC microcavities the most important step is to be able to produce nice spherical
LC droplets in a carrying material. We have tried different methods known from the prepa-
ration of PDLCs [45,46]. Most of these procedures are based on phase separation of initially
homogenous mixture of a LC and a polymer. The droplets formed by phase separation are
usually quite small (∼ 1µm), of irregular shape and very dense. None of this is good for
our purposes. Therefore we used a very simple procedure of mechanical mixing of a LC and
non-miscible fluid. Figure 24 shows a dispersion of E12 droplets in PDMS under crosses
polarizers. The droplets are polydispersed, with sizes ranging from 1µm to 50µm. Because
of surface tension they have almost perfect spherical shape and smooth surface (Figure 25a).
PDMS gives homeotropic anchoring so that the molecules are perpendicular to the droplet
surface. The director configuration is radial, that means, that the director is pointing in
the radial direction in every point of the droplet volume (Figure 25c) inducing splay elastic
distortion [38]. The exception is the center of the droplet where a point topological defect
appears, called radial hedgehog defect [93]. It can be seen as a black spot in the center of
the droplet (Figure 25a). The radial structure can be also observed under crossed polarizers
where we can see the typical dark cross (Figure 25b). To further confirm the structure,
fluorescence confocal polarizing microscopy (FCPM) [94] images of the droplets were taken.
The droplets contained Nile red dye, which molecules orient in the direction of the director,
so that the excitation and emission of light is the highest along the director. In Figure 25d
we can clearly see the radial orientation of the molecules.

Figure 24: Dispersion of E12 droplets in PDMS under crossed polarizers. The colors of the droplets
are caused by the interference of ordinary and extraordinary ray and is dependent on the birefringence
and the size of the droplet. Scale bar 20µm.
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Similar dispersion can also be readily formed in water solution of SDS. The appearance
of the droplets is identical as when using PDMS. The difference is that after waiting 48 hours
the PDMS polymerizes and fixes the position of the droplets. The appearance of the droplets
as well as the WGMs did not change much after polymerization. However, after few days
after polymerization, the WGMs were not visible any more in most of the droplets, but the
appearance of the droplets did not change. This did not happen in non-polymerized PDMS
(no curing agent added) and the WGMs were visible also in several months old samples.

Figure 25: Radial NLC droplet. a) Micrograph of a 15µm droplet of nematic liquid crystal E12 in
PDMS. b) The same droplet under crossed polarizers. c) Structure of the director field inside the
microdroplet, deduced from b). The lines (i.e. director field) present the direction of orientation
of LC molecules. d) A FCPM slice through the center of the droplet. The excitation and emission
polarization is vertical.

An important part in using LC WGM microcavities for applications is not just the
ability to make nice droplets, but also to be able to place them in precisely determined
positions to couple them with other optical components. In the case of LC droplets they are
floating in a liquid medium and can be moved and assembled to complex structures by using
laser tweezers (Figure 26). If a polymerizable carrying fluid is used, for example PDMS,
the structure can be assembled and then the fluid is polymerized fixing the position of the
droplets. In PDMS it is however quite difficult to move the droplets because of very high
viscosity and assembly takes a lot of time. Also the surface separation between the droplets
can not be adjusted precisely, but fortunately the repulsive force between the surfaces of the
droplets prevents their coalescence.

Figure 26: Assembly of liquid-crystal droplets in PDMS. Before the PDMS was polymerized, the
droplets were assembled into a T-shape structure by using laser tweezers. Scale bar 5µm.

By mechanical mixing we have very limited control over droplets size. The average size
can be partially controlled by the time and speed of mixing, however, the size distribution
is quite wide. The polydispersity of the droplets is not that important for laboratory ex-
periments, since we can select one droplet of a desired size and do experiments on it. In
this case, it is important that the droplets are well separated from each other, so we can
study individual ones. However, with low droplet density in PDMS we had some problems.
The cyanobiphenyls, from which the E12 is composed, are slightly soluble in PDMS. At
high concentrations of droplets, the PDMS gets saturated quite quickly and the droplets are
not much affected by this. However, at concentrations of LC lower than approximately 1%,
some components of E12, probably the lighter ones, are transferred to the PDMS. What
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is left does not have spherical shape any more and it is also not fluid any more, especially
if heavier cyanobiphenyls are left. Interestingly, most of the droplets are transformed into
birefringent tubes (Figure 27). The walls of the tubes are made from the remainings of
the E12 and probably still have at least partially ordered director structure, since they
show birefringence under crossed polarizers (Figure 27c and d). This process happens quite
quickly after mixing of LC into PDMS and is not affected by latter PDMS polymerization.

Figure 27: Two examples of tubes formed from E12 LC when mixed with PDMS. a) A tube from side
view and b) a tube viewed through its hole. c) and d) The same two tubes under crossed polarizers.
Birefringence is clearly seen.

Figure 28: A LC shell. A 10µm melamine formaldehyde particle is positioned in the center of a LC
droplet. The outside medium is PDMS. a) The droplet in white light illumination and b) the same
droplet in crossed polarizers. Scale bar is 5µm.

Instead of using just LC to make the droplets, also hard particles can be introduced.
In Figure 28 a 10µm melamine formaldehyde particle having homeotropic anchoring is
sitting in the middle of a droplet. The boundary conditions promote the central position
of the particle making a shell of LC of almost arbitrary thickness around the particle. The
particle-droplet combination is made in a fairly simple way. At first a dense dispersion of
particles is made in a LC. The dispersion is then mixed with PDMS. In the mixing process,
when the droplets ar formed, some of them contain one or more particles. In the droplets
containing just one particle, the shell thickness varies, depending how big droplet of LC is
formed. Some particle are also expelled out of the LC into the PDMS. Thin shells could be
interesting because they could provide faster switching speed with the electric field, since of
small LC volume and small thickness. By measuring the spectra of WGMs in shells as thin
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as 1.5µm we did not observe any difference in the modes of a droplet of the same size, but
not containing the particle.

4.2 Whispering-gallery modes in nematic liquid-crystal droplets

Once we were able to produce nice spherical droplets, we could introduce a fluorescent
substance into the LC and than excite and observe the modes inside the droplets. A single
droplet was illuminated by a tightly focused 514 nm laser beam near its edge (Figure 29).
A bright spot of fluorescent light was observed at the point of the laser beam as well as on
the opposite side of the droplet (Figure 30). A bright stripe is also observed in between the
two bright spots and there is a hint of a light ring around the droplet. What is observed
can be explained by WGMs circulating inside the droplet near its surface. The fluorescent
molecules are excited at the point of the laser spot and emit light in all the directions. Some
of the light gets trapped as WGMs. Just the light that circulate in planes that intersect the
laser spot are present in the droplet. What light is actually observed is dependent on the
direction of observation. We can mostly see the light that circulates in the plane along the
viewing direction as the bright spot on both sides of the droplet and a stripe in between.

Figure 29: Schematic view of WGMs in a LC droplet. WGMs are excited by a focused Ar+ laser
(green light illuminating the edge of the droplet). Only the light irradiating towards the microscope
objective is detected (red cone). A TM WGM is shown, with its electric field oscillating in a radial
direction.

We observe fluorescence only inside the NLC droplets, which indicates that the dye has
not diffused into the surrounding PDMS. In the first experiments we have used CdSe fluores-
cent quantum dots (QDs) dispersed in 5CB. The QDs experience very little photobleaching
and have quite bright fluorescence. However, because of elastic deformation of LC around
them, they tend to agglomerate in order to reduce the distortion. The clusters formed in
this way scatter light and therefore drastically lower the Q-factor. Despite this, the first
WGM observed in a LC droplet were indeed excited in dispersion of QDs in 5CB. However,
this was only possible with very low concentrations of QDs and just in droplets that did not
contain larger agglomerates.

The fluorescent light from a single droplet was sent to the spectrometer and analyzed.
In Figure 31 there is one example of such spectrum for a 16µm droplet. We can see
the fluorescent background, which is nearly the same as for bulk dye doped LC, with the
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Figure 30: False color image of fluorescent light intensity from a LC droplet. The droplet is illumi-
nated by Ar+ laser near the left edge (black cross).

maximum located in red at 580 nm. On this background there are a number of very sharp
spectral peaks. They correspond to WGMs circulating near the surface of the droplet. The
modes are grouped in distinct groups, where they are almost equally spaced.
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Figure 31: Spectrum od fluorescent light captured from a LC droplet. Very sharp peaks corresponding
to WGMs are observed on the broad fluorescent background. Droplet size is 16µm.

Instead of peaks at the positions of the optical modes, one would rather expect dips in the
spectrum. The fluorescent molecules emit light in a broad spectrum and in all the directions.
The light that matches the frequency as well as the direction of a WGM is trapped by the
droplet and because of longer optical path it is absorbed and scattered by the material. All
the other light that does not match any mode is directly emitted from the droplet. Therefore
at the WGM frequencies we should observe dips in the spectrum. However, Purcell effect
(Section 2.1.2), which makes the dye to emit more light at the resonant frequencies, has to
be taken into account.

If the light, that is sent sent to the spectrometer, is captured just from the part of the
droplet opposite to the excitation point, the spectral peaks of the WGMs are higher in
respect to the fluorescent background. This is because mostly the light that is captured as
WGMs is transferred to the other side and leaks out. If we are capturing the light from the
laser excitation point, also the light that is spontaneously emitted in all the directions from
the dye molecules is contributing to the fluorescent background.
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The droplets can also be excited by using an optical fiber (Figure 32). The laser light
is coupled into the fiber and the fiber end is introduced into the dispersion of the droplets
(Figure 32a). The light from the excited droplets can be collected by a microscope objective,
or by the same fiber. The fluorescent light from the droplet entering the fiber is separated
from the excitation light by a dichroic mirror and sent to a spectrometer (Figure 32b).

Figure 32: Fiber excitation of WGMs in LC droplets. a) A multimode fiber with the core diameter
of 60µm is introduced in the dispersion of LC droplets in PDMS. The fiber is positioned so, that it
illuminates just one droplet. b) In the spectrum of fluorescent light that gets coupled back into the
fiber we can observe the WGM peaks.

4.2.1 Polarization properties

In order to understand which modes are present in the spectrum, we first have to look at the
polarization properties. There are two possible WGMs polarizations, the TE polarization
where the electric field oscillates parallel to the surface of the sphere (Figure 33a) and TM
polarization where the electric filed is perpendicular to the surface (Figure 33b). For isotropic
sphere both modes have the same refractive index. However, LCs are birefringent and
different polarizations sense different refractive indices. In the LC droplets the optical axis
points in the radial direction. Therefore, the TE modes sense the lower index, the ordinary
one (no = 1.52), and the TM modes sense the larger one, the extraordinary index (ne =
1.74). The TM modes have larger index contrast to the outside medium (ns = 1.43), so we
expect them to have higher Q-factors than TE modes. In smaller droplets we expect only TM
modes to be visible, since the higher contrast. Two different indices for the two polarizations
are quite an unique feature of the LC microresonators. In isotropic microresonators the
two polarizations are always in pairs, but in our case the two polarizations are completely
independent and can be tuned individually by selecting the appropriate material with a
certain birefringence.

Figure 33: WGM polarization schematics in LC droplets. Schematic drawing of the electric field
direction for a) TE modes and b) TM modes. c) The yellow prolate ellipsoid represents the uniaxial
dielectric tensor of the LC.
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Polarization properties of light emitted from a smaller droplet, where just one set of TM
modes was visible, were analyzed. The polarization of the excitation laser was rotated to
either parallel or perpendicular to the surface of the droplet at the point of illumination by
using a λ/2 waveplate. The polarizer through which the light was sent to the spectrometer
or camera was also rotated. The results are presented in Figure 34 and Figure 35 for the
four cases. It can be observed that the highest intensity we get when both the excitation on
detection polarizations coincide with the polarization of TM modes (Figure 34a).

Figure 34: WGM spectra at different polarizations. Spectra of light emitted from a 11.7µm E12
droplet when the excitation and emission polarization is changed. The polarization direction is given
by the arrows. The horizontal polarization direction corresponds to TM modes. The inset in d)
shows the orientation of the droplet and points of excitation and light detection.

Additionally also images of WGMs circulating in droplets were taken at different laser
polarization and analyzer rotation (Figure 35). The intensity on the images matches the
spectral results (Figure 34).
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Figure 35: Fluorescence images at different polarizations. Images of fluorescent light emitted from
a 11.7µm E12 droplet when the excitation and emission polarization is changed. The polarization
direction is given by the arrows. The horizontal polarization direction corresponds to TM modes.
For clarity the images are inverted, so the darker color represents higher intensity. The illumination
spot is at the top of the droplets. a) The laser polarization and analyzer direction are the same and
match the TM modes. A bright spot is observed on the other side of the droplet indicating the TM
modes circulating in the plane parallel to the direction of observation. b) When the laser polarization
is rotated the intensity is greatly reduced, since it does not match the TM modes any more. c) If
the laser polarization matches the TM modes, but the analyzer is perpendicular to this direction a
ring around the droplet is observed. These are the TM modes circulating in the plane perpendicular
to the observation direction. d) An finally if both polarizations do not match the TM modes, just a
bright spot corresponding to fluorescence is observed at the point of laser excitation.
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4.2.2 Fitting the WGMs

To further analyze the modes, the peaks were fitted to the calculated modes using the
asymptotic expansion (39) or by directly solving (36) and (37). As an initial approximation
for the droplet radius, the size calculated from the optical micrograph of the droplet was
used. The radius of the droplet in the calculations was manually changed in small steps
until the calculated modes matched the peaks in the spectrum. On Figure 36 there are
examples for two droplets of different size. For the smaller droplet (Figure 36a) there is just
one set of modes visible, that are identified as the TM modes with the radial mode number
q equal to one (TM1

l ). The angular mode numbers l range from 86 to 80. Since the material
parameters are not known exactly, the angular mode numbers l are determined with the
precision of ±1. In the spectrum of the larger droplet (Figure 36a) also second radial TM
modes are observed (TM2

l ). In even larger droplets TM modes with higher radial mode
numbers and also TE modes become visible in the spectrum.

Figure 36: Spectra of fluorescent light from two E12 droplets in PDMS. a) A single set of WGM
resonances is observed in a 10.1µm droplet corresponding to modes with radial mode number equal
to one (TM1

l ). b) In a larger droplet with diameter of 12.6µm also second radial modes are visible
(TM2

l ), they however have lower Q-factor. The inset shows high resolution spectra of a single spectral
line in a large 53µm droplet. The linewidth is 0.055 nm.

4.2.3 Q-factor

By using a high resolution Raman spectrometer we have measured the Q-factor in LC
droplets. The measurements were performed on large droplets where the Q-factor should
not be limited by the losses due to leakage, but because the intrinsic losses of the material
and the surface roughness. For a 53µm droplet the linewidth is found to be 0.055 nm which
is limited by the spectrometer resolution. The corresponding Q-factor is > 12.000. The
Q-factor could be much higher and ultimately limited by scattering of light on thermally
induced orientational fluctuations of LC molecules. But unfortunately it is not possible to
measure higher Q-factors using currently available spectrometers1. Even if the Q-factor is
in reality not much higher that the currently measured 104, it is still quite high and enables
the LC microresonators to be used in a number of applications. For smaller droplets the
Q-factor is limited by the losses due to leakage. We have measured Q = 4.000 − 6.000
in 10 − 13µm droplets and Q > 10.000 in droplets larger than 30µm. As a comparison,
linewidths of emission lines that have been reported in lasing experiments in liquid crystals
are of the order of 0.3 ∼ 0.4nm in dye-doped cholesteric liquid crystals [41, 42], 0.11nm

1We are currently building a setup that uses a narrow line tunable laser and tapered fiber coupling (Section
2.2.5.1) to measure the exact Q-factor of the LC droplets.
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in dye-doped liquid crystal blue phases [5], and 0.06nm in an order parameter optimized
dye-doped cholesteric liquid crystals (CLC) [43].
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4.3 Electric field tuning of WGMs in nematic droplets

Once we were able to get nice WGMs in LC droplets embedded in PDMS, we have tried
to apply electric field to the dispersion. We expected that the electric field will reorient
the liquid crystal molecules and change optical path of certain polarization and thus enable
the tuning of the modes. AC voltage is usually used for switching of liquid crystal cells
in order to avoid ionic shielding [88]. In our case we have found out that the largest LC
distortion is achieved at frequencies greater than 30 kHz, but above 300 kHz the amplitude
on the amplifier is beginning to drop. We have therefore used some intermediate frequency
of 50 kHz in all the experiments.

4.3.1 Director distortion under electric field

First, appearance of LC droplets was observed under the microscope as the electric field
was applied. The evolution of the radial nematic structure in a spherical microdroplet with
increasing electric field has been studied before [95]. In Figure 37 a 9.3µm droplet is imaged
under crossed polarizers and corresponding director fields are presented. At zero field, the
droplet is in radial configuration with a radial hedgehog point defect at the center and is seen
as a cross under the crossed polarizers (Figure 37a). As the field is applied, the molecules
of the positive dielectric anisotropy LC are starting to rotate in the direction of the field.
There is almost no distortion very near the surface because of the strong anchoring and
no distortion also in the flat disk in the center of the droplet (Figure 37b). The radial
hedgehog point defect is still in the center of the droplet. The director also rotates a little
bit around the axis parallel to the filed, to lower the energy of the distorted region, as can be
seen in the crossed polarizer image. The transition from completely radial configuration to
this distorted configuration is continuous and completely reversible. Therefore, this range
was used for the tuning of the WGMs. When higher field is applied, the structure of the
droplet is transformed into a +1/2 defect ring recirculating the droplet at the surface and
an almost uniform director configuration in the center (Figure 37c). Due to the conservation
of topological charge [93] the radial hedgehog point defect cannot be annihilated, but can
be transformed into other defect structures. In this case to a defect ring, that is similar,
but of opposite winding number to the Saturn ring [96]. This transition happens at certain
voltage threshold and it is discontinuous and non-reversible. When reducing the field back,
the defect ring slowly shrinks (Figure 37d) until the point defect is formed again.

4.3.2 WGMs under electric field

The distortion of the nematic director inside the droplets should have large impact on
the optical path length. At zero field, when the droplets are in radial configuration, TM
modes that we observe, have the electric field in radial direction and therefore sense the
extraordinary refractive index. When the electric field is applied, the molecules rotate and
the TM modes sense lower index (Figure 38). This decreases the optical path length and
the modes should shift to shorter wavelengths. At lower fields the rotation of the molecules
is zero at the top and bottom of the droplet as well as in the plane perpendicular to the field
(Figure 38a). At higher field when the transition to the ring configuration, the distortion
that influences the WGMs the most, is located near the ring defect, represented as the
shadowed area in Figure 38b.

The spectra of WGMs were observed as the electric field was gradually increased from
zero up to 2.1VRMS/µm. The results for a 16µm droplet are presented in Figure 39. The
modes clearly shift to shorter wavelengths. Till 0.2VRMS/µm the shifting is very small, but
soon in becomes almost linear, but approaching saturation towards 2VRMS/µm. If the field
is small enough that the transition to the ring configuration is not reached, the tuning has
no hysteresis and is completely reversible. Two distinct sets of modes are visible, the modes
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Figure 37: Nematic droplet director configuration under applied electric field. A 10µm E12 droplet
at increasing and decreasing electric field and the corresponding nematic director configuration from
a side view. a) At zero field the droplet is in radial configuration, that is seen as a black cross under
crossed polarizers. b) At small fields a disk like distortion is formed in the droplet, that also twists
slightly. c) At higher field a defect ring appears perpendicular to the field and the director is quite
uniform. d) When decreasing the field from the ring configuration, the ring slowly shrinks towards
the center of the droplet.

Figure 38: Schematic drawing of the light circulation in a LC droplet at a) small electric field and
b) large field.
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with radial mode number equal to one (TM1
l ) and the ones with radial mode number of

two (TM2
l ). The first radial modes have smaller shift and smaller linewidth, that can be

observed as thinner lines on Figure 39. The second radial modes on the other hand have
higher tunability and are seen as wider lines. The reason for different tunability for different
radial mode number is confinement of the modes. The TM1

l modes are confined very close to
the surface of the droplet where the distortion of LC director under the effect of the electric
field is small because of the strong anchoring. On the other hand, the modes with higher
radial mode numbers are located more in the interior of the droplet where the distortion
is larger. The tunability is also dependent on the size of the droplets (Figure 40), since in
smaller droplets the effect of the anchoring is more important, meaning that the tunability is
lower. The tunability is as high as 20 nm when 2.6VRMS/µm is applied to a 17µm diameter
droplet. For most droplet sizes the tunability is larger than the free spectral range, meaning
that the resonator frequencies can be shifted to any value.

Figure 39: WGM spectrum versus applied electric field. Electric-field-induced wavelength shift of
TM1

l and TM2
l WGM resonances in a 16.1µm diameter microresonator made from dye doped E12

nematic liquid crystal. Color scale indicates intensity of detected light. Note the enhancement of the
resonances at discrete wavelengths.

Figure 40: WGM tunability as a function of droplet diameter. Relative tunability of TM2
l modes

when at an applied field of 2.6VRMS for different sizes of the droplets.
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We can also estimate the maximum possible tunability at very high electric fields. In
this case, all the molecules align perfectly in the direction of the electric field making an
uniform director field configuration. The refractive index for TM modes can be calculated
as

n(ϕ) =
none√

no2 sin
2 ϕ+ ne2 cos2 ϕ

, (83)

where ϕ is the angle between the direction perpendicular to the electric field and the position
on the circumference of the droplet. By integrating this equation around the droplet we
calculate the average refractive index. For E12 the difference in refractive index and therefore
the optical path between radial and uniform configuration is 6.7%, enabling the tuning by
41 nm at 600 nm.

The experimentally achieved relative shift of modes (3%) in LC droplets is one to two
orders of magnitude larger compared to already published values for electrical tuning. Elec-
tric tuning of WGMs has been till now achieved in a number of ways [12–15] including using
liquid crystals [12,13].

In the WGM spectrum, as the field is increased, we do not observe just shifting of
the modes to shorter wavelength but also the intensity of the modes changes (Figure 39).
At certain values of electric field a sharp enhancement of the intensity of the modes as
well as the fluorescent background is observed (Figure 41a). This happens when a WGM
frequency is matched to the frequency of the argon pump laser (514.5 nm) [97], schematically
shown in Figure 41b. When this condition is met, more excitation light is coupled into the
microresonator increasing the intensity of the fluorescence and therefore the intensity of all
the modes and of the fluorescent background.

Figure 41: Intensity oscillation under field. a) Summed intensity of all WGMs calculated from Figure
39 as the electric field is increased and back decreased. b) Background corrected spectrum from a LC
droplet fitted with calculated positions of WGMs. The electric field shifts positions of all the modes
by the same percentage. When one mode matches the excitation laser wavelength (green vertical
line) the intensity increase is observed.

Another very important aspect of tuning is the speed, so how fast we can switch the fre-
quencies. At the time of these measurements we did not have a spectrometer fast enough to
measure the switching speed, therefore we used a different method. A droplet was switched
between two electric field amplitudes, where at one amplitude a WGM matched the argon
pump laser, and at the second amplitude it did not. In the first case more light was coupled
into the droplet, so it was emitting more light. The intensity of light was measured by pho-
tomultiplier. The switching time was found to be approximately 10ms for both switching
the field on or off. The time is a little bit faster for smaller droplets and slower for larger.
This is not nearly fast enough for fast speed modulation, especially nowadays when the
optical telecommunications have achieved enormous speeds. However, it still fast enough to
be used for some slower applications that need large tunability.
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4.3.3 Tuning of multiple droplets

In Section 4.1 we have shown that the droplets can be assembled into structures so that they
are positioned close to each other. The coupling between the LC microcavities enables the
light to be transferred from one to the other. However, for the process to be effective, the
frequencies of two neighboring microcavities should match precisely. The frequencies can be
matched already when manufacturing the microcavities, but in the case of LC droplets this
is not possible, since they are made just by mechanical mixing and are very polydispersed.
However, the LC microcavities are tunable. If we have two droplets of different size, their
tunability is also different, and when increasing the electric field, at one point, the mode
frequencies match (Figure 42). At that point, the light in the two droplets is coupled and
can be transferred from one to the other. However, this works just for two droplets, with
three or more, we can not achieve frequency matching. In this case, more electrodes should
be made so that each droplet could be addressed and tuned independently.

Figure 42: Tunability of two droplets. Positions of WGMs in two separated LC microdroplets of
different size as the electric field is increased. Droplet 1 has the diameter of 7.8µm and droplet 2
has the diameter of 12.8µm.

4.3.4 In-plane electric field

To confirm and better understand the results of electric field tunability, we also used in-plane
electric field. A gap of 60µm was etched into ITO that was used as an electrode. Voltage
of 70VRMS was applied between the electrodes and the droplets in the gap were observed
under optical microscope and the spectra of WGMs was measured. The electric field in
between the electrodes is not uniform, but still good enough to see its effects and make good
estimations of tunability. When applying electric filed, we clearly see that the distortion of
the director field (Figure 43) matches the configuration shown in Figure 37b. However, the
field is not strong enough to induce the configuration with the ring in the droplet (Figure
37c).

The WGMs were measured in two orthogonal directions, perpendicular to the electric
field (Figure 44a) and parallel to the field (Figure 44b). This was simply achieved by selecting
the appropriate laser excitation point. The positions of one mode in the perpendicular and
in the parallel direction as the amplitude of the electric field is increases are shown in Figure
44c. In the disc through the center of the droplet, perpendicular to the field, there is no
reorientation of the LC molecules, since they point all the time perpendicular to the electric
field. Therefore, in the perpendicular direction the modes do not shift considerably. In the
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Figure 43: Images of a droplet with in-plane field. The electric field is applied in the direction
perpendicular to the direction of viewing. A clear distortion is visible with a non-distorted disc in
the center.

other direction the situation is the same as with planar electrodes (Figure 38a). The mode
shift is of 0.9 nm, which is however considerably less than we get with planar electrodes at
similar electric fields and size of the droplet. The difference can probably be explained by
the non-uniformity of the electric field between the electrodes. The droplet was not in the
center between the electrodes and it was also at a vertical distance from the electrodes that
is comparable to the gap distance. Because the droplet is embedded in polymerized PDMS,
we did not observe any geometrical deformation, so that the tuning is purely caused by
director reorientation and therefore the change in the refractive index.

Figure 44: Tunability with in-plane field. Scheme of the WGMs circulating in a plane a) perpendicular
to the electric field and b) parallel to the filed. The green cross represents the point of the excitation
laser. c) Position of a WGM in a 17µm diameter droplet for the two directions as the electric field
is increased up to 1.1V/µm.

4.3.5 Electric field with droplets containing particles

We have shown in Section 4.1 that droplets containing microparticles can be produced easily.
We have tried to apply electric field to them. If there is just one particle in the center of the
droplet, by applying electric field, it does not move or change in other way the properties
of the droplet. But if there are two particles in the droplet, when applying electric field,
they move to the surface (Figure 45). This can be useful for selecting modes with different
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radial mode numbers. The particles should be in this case fluorescent. Depending on their
position inside the droplet, the fluorescent light from the particles would excite different
radial modes. This is possible because the higher the radial mode, more deep into the
droplet it is extending.

Figure 45: A LC droplet containing pericles. A 34µm droplet of LC in PDMS containing two
melamine formaldehyde particles a) at zero electric field and b) at applied electric field.



60 Experimental results and discussion



Experimental results and discussion 61

4.4 Temperature tuning

WGMs from a E12 droplet in 20mM SDS solution in water were studied as temperature
was increased from room temperature to above the clearing point of the LC. Spectrum for
a 24µm droplet as a function of temperature is presented in Figure 46. Several distinct
spectral lines are observed, which shift at different rates and in different directions. There
are six sets of modes with different polarization and radial mode number: TM1

l , TM2
l ,

TM3
l , TM4

l , TE1
l and TE2

l . The TM modes shift to shorter wavelengths, while the TE
modes shift to longer wavelengths. The TM polarization is associated with extraordinary
refractive index, which decreases with temperature and the TE polarization is associated
with ordinary refractive index, which on the other hand increases with temperature. This
agrees with the negative shift of TM WGMs and positive shift of TE WGMs. The shift is
almost proportional to the change of the refractive index and qualitatively matches with the
plot of refractive index change (Figure 15).

Figure 46: Temperature tunability of WGMs. Positions of the optical modes in a 24µm diameter
E12 droplet as the temperature is increased.

Figure 47 shows the calculated positions of the modes for a 24µm E12 droplet as the
temperature is increased. The refractive index was calculated using (74) and (75). Refractive
index was than used in (39) to calculate the positions of the WGM modes. The calculations
agree well with the experimental data.

Both in the experiment and in the calculations the modes with different radial mode
numbers have slightly different tunability. The WGMs with higher radial mode numbers
shift less that the WGMs with lower. We believe that the reason for this is the lower
confinement of higher modes. That means that for modes with higher radial mode number
a larger part of the total optical electric field of the mode is outside the droplet. This part is
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Figure 47: Calculation of temperature tunability of WGMs (large droplet). Calculated positions of
six different WGMs in a 24µm E12 droplet.

Figure 48: Calculation of temperature tunability of WGMs (small droplet). Calculated positions of
six different WGMs in a 5µm E12 droplet.
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dependent on the refractive index of the surrounding medium, that doses not change much
with temperature. This effect is more pronounced in small droplets where the higher modes
are less confined. As an illustration, mode shifts were calculated for a 5µm droplet (Figure
48). The lower shift of the higher modes is evident, since this is more pronounced that in
larger droplets.

However, the different shift of modes with different radial mode numbers may not be
adequately explained by just different confinement of the modes. There are other factors
that may need to be considered. The calculations take into account the bulk refractive
index, however, the WGMs circulate close to the interface between the LC and water. The
anchoring can have an effect on the refractive index, since in can impose additional order to
the LC molecules. Additionally, we have a liquid interface covered by surfactant that can
absorb/desorb when the temperature is changed, thus changing the size of the droplet as
well as the anchoring.

The shift in TM WGMs wavelengths is approximately 15 nm for the temperature change
from 25◦C to 55◦C. The thermal coefficient is changing with temperature, the average co-
efficient in this temperature range is 0.5 nm/◦C. The LC microresonator can be in this case
also used as a thermometer. The accuracy with which it is possible to measure the position
of a single WGM can be approximated by the FWHM of the spectral line. For LC droplets
the highest Q-factor measured was 12.000 limited by the resolution of the spectrometer,
corresponding to linewidth of 0.05 nm. From this number and thermal coefficient we cal-
culate that the resolution of our temperature sensor is 100mK. This is not a very good
thermometer. However, this number is possibly lower, since the Q-factor is probably larger.
The thermal coefficient can also be increased by using the LC microresonator close to the
transition temperature.

Figure 49: WGM spectra at two temperatures. a) In nematic phase we can observe first and second
radial mode with TM polarization. b) In isotropic phase a typical doublets of TE/TM modes are
visible.

When we further increase the temperature and approach the clearing temperature (59◦C)
the modes begin to shift in a more chaotic way. The chaotic temperature range is just around
two degree wide and as soon as we reach the isotropic phase the modes are again clearly
visible. The changes in the spectra in the chaotic temperature range can be explained
by changes in the director configuration inside the LC droplet and local melting of the
LC. In Figure 50 an image sequence of a LC droplet under crossed polarizers is presented
as the temperature is slowly increased. As the clearing point is approached, the internal
configuration of the nematic director is changing, but can not be clearly identified. A ring
seems to appear in the center and then expand to the surface. At even higher temperature
melting into isotropic phase starts at one part of the droplet and fast spreads to the entire LC.
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These changes happen in an unpredictable way and are not repeatable nor reversible. That is
why this temperature range is not useful for tuning the resonator or using it as a temperature
sensor. Furthermore, the refractive index in this temperature range is nonuniform across the
droplet. This can lead to scattering of light, splitting of modes and a reduction in Q-factor.
In some cases, especially with smaller droplets the modes also disappear in this range.

Figure 50: Image of a LC droplet with increasing temperature. A droplet of E12 under crossed
polarizers when the temperature is increased from 57.2◦C to 58.6◦C. At first a ring can be observed
expanding from the center, changing the director configuration. Close to the clearing temperature a
part of the droplets starts to melt to isotropic phase.

Above ∼ 59◦C the transition into isotropic phase is complete. Now both TE and TM
modes have the same refractive index and are visible as pairs. However, it is not clear why
less modes are visible in the isotropic phase than in the nematic. The average refractive index
remains almost unchanged when the transition occurs, so almost the same number of modes
should be visible. With further increasing temperature, the modes do not experience any
large shift any more. This is reasonable, since the refractive index does not change much in
isotropic phase. However, the calculations of the refractive index show that the modes should
shift to shorter wavelengths, but in the experiment they shift slightly to longer wavelengths.
The refractive index decreasing with temperature in isotropic phase is attributed mainly to
the decrease in the density of the material because of thermal expansion. With decreasing
density also the size of the droplet increases. The increase of size has the opposite effect
to the WGMs as the decrease in refractive index, so that this two effects approximately
cancel out. This matches the almost zero shift of modes in isotropic phase observed in the
experiment.

In the temperature dependance of WGMs (Figure 46) a hint of mode splitting can be
observed. When a TM mode intersects with a TE mode, they do not cross each other,
but they are rather ’repelled’ from each other. The mode splitting is dependent on coupling
strength between the two modes in this case the modes with different polarizations. The two
polarizations should be somehow coupled to explain the mode splitting. In liquid crystals this
is possible through scattering on thermal fluctuations of the director [98]. The fluctuations
are larger at higher temperatures, which matches the experiment where we observe mode
splitting just at higher temperature. However, to indubitably confirm the mode splitting,
the spectrometer resolution is not high enough. A different technique with higher resolution,
such as tapered fiber coupling (Chapter 2.2.5.1) should be used to study this process.

Finally, we can discuss also the change of the Q-factors with temperature. The Q-factor
is mainly dependent on absorbtion, surface roughness, leaking of the modes and scattering
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because thermal fluctuations in LC (Section 2.1.1). Absorbtion and surface roughness are
in principle not very temperature dependent. The Q-factor reduction caused by the leaking
of modes because of the curvature is dependent on the size of the droplet and the refractive
index contrast between the interior and exterior of the droplet. The refractive index of the
LC changes with temperature and so does the contrast. For TM modes the index contrast
decreases with temperature, so the Q-factor should also decrease. This is indeed observed
in the experiment and presented in Figure 51. At temperatures higher than 38◦C the TM2

l

modes become to wide and of too low intensity to measure their widths. The linewidths
of TE modes were not measured, since for them to be visible the droplet should be large
enough, but then there are a lot of TM modes present that overlap with each other and
it is therefore difficult to measure the linewidhts. However, in Figure 46 it can be clearly
seen that the TE2

l mode is not visible at room temperature, but at higher temperatures is
becomes visible and narrower. The contribution to the reduction of the Q-factor because
the scattering on thermal fluctuations is difficult to estimate. At least for the TE modes we
can say that the leaking has higher contribution than the fluctuations, since the Q-factor
increases with temperature. In general the fluctuation contribution should have almost the
same effect on all modes. At high temperature some TM modes still have narrower linewidth
than the spectrometer resolution. So this contribution probably can not be measured with
our spectrometer. Again, a higher resolution technique is needed also in this case (Chapter
2.2.5.1).

Figure 51: Linewidth and Q-factor as a function of temperature. Spectral linewidths of two TM
modes were measured in a 16.4µm diameter droplet. Clear increase in a) linewidth or equivalently
b) decrease of the Q-factor can be observed. To measure the linewidth, the spectral lines closest to
600 nm were used.

4.5 Optical tuning

Apart from electric and temperature tuning we have also tried tuning by laser beam. It
is known that by using a powerful laser beam, a distortion in the nematic director can be
created above the optical Fredericks transition [99]. By changing the director we also change
the refractive index and so we should be able to tune the WGMs. Laser tweezers setup was
used to tightly focus the IR laser beam (1064 nm) to a droplet. The Ar-ion laser (514.5 nm)
was used to excite the WGMs. The IR laser power was slowly increased up to 140mW and
spectra were acquired. The results presented in Figure 52 are almost identical to the case
of temperature tuning (Figure 46). This result already suggests that the droplet is heated
by the laser beam, which consequently causes mode shifting. We tested this hypothesis by
placing two droplets at a distance of 100µm. Mode tuning was measured on both droplets,
but only one droplet was illuminated by IR laser of increasing power. We have found out
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that the mode shift is almost the same for both droplets. This can be explained by heat
transfer through the sample. If a nearby droplet is heated, the heat is transferred also to the
other droplets, that also experience the mode tuning. An additional mechanism for mode
shifting could also be the mechanical deformation of the droplet by optical forces in the laser
trap. This kind of tuning was already observed in isotropic droplets [100]. In the case of
deformation (Chapter 2.2.3) the TE and TM modes should shift in the same direction. We
have not observed this and we believe that the deformation contribution is negligible in our
case.

Figure 52: Optical tuning of WGMs. Positions of WGMs in a 16µm 5CB droplet as it is illuminated
by IR laser tweezers with the power increasing from 0 to 140mW.

We further confirmed the absence of optical tuning by directly observing the internal
structure of the droplet when illuminated by the laser beam (Figure 53). The droplets were
embedded in PDMS which was polymerized to fix the droplets. The focused laser beam was
then moved across the droplet and images under crossed polarizers were taken. It can be
clearly observed that we can actually move the central point defect by pushing it with the
trap. However, because of strong homeotropic anchoring, we can not change the director
configuration close to the edge of the droplet. The WGMs are located very close to the
surface and if the index can not be changed there, the WGMs are not affected by the laser
beam. We could of course increase the laser power, but then the thermal effects are already
very large and the LC finally melts to isotropic phase.
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Figure 53: Optical manipulation of the LC in a droplet. Manipulation of the director configuration
in a 22µm 5CB droplet using the IR tweezers imaged under crossed polarizers. a) The laser is off
and the droplet is showing typical cross. b) and c) laser trap (red cross) is moved across the droplet
pushing the central defect slightly.
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4.6 Strain tuning

One way of tuning the WGM microcavities is also by mechanical deformation. When strain
is applied the microcavities the geometrical path of the light is changed, usually in different
way in different directions. Strain tuning has been achieved before in a number of different
geometries and materials. Two examples are droplets of a liquid in a PDMS polymer [19] and
fused silica microresonators [16]. In both cases the achieved tunability was approximately
1 nm in visible light.

The shift of WGM modes was observed as the free standing PDMS film containing the
5CB droplets was stretched. All the droplets in the film were in the beginning of a spherical
shape (Figure 54a) and by applying strain they deformed into prolate ellipsoids (Figure
54b). To excite WGMs, an Ar+ laser was focused to the rim of the droplet on one side of
longer ellipsoid axis, so that the light was circulating in the plane parallel to the deformation
(Figure 54c). After the spectrum was measured, the micrometer screw was rotated and the
film further stretched. This caused the droplet to move towards the stretching direction,
so the sample was than manually repositioned back, so that the laser beam was again in
the original position. This was repeated in small steps until the maximal strain of 15% was
achieved. In the spectra only one set of WGM modes were observed, matching the TM1

l

modes. Because of small droplet size higher radial modes did not have large Q-factor enough
to be observed. As well the TE1

l were not present since they sense the ordinary refractive
index that is much lower than for TM modes.

The results presented in Figure 54d show position of modes from TM1
114 to TM

1
134 plotted

versus strain. When the strain is increased all the WGMs shift to longer wavelengths. The
shift is caused by the increase in the optical path of the light traveling around the droplet
in the plane parallel to the applied strain. When the strain was increased from zero to the
maximal value, the mode at 590.4 nm shifted to 622.1 nm (Figure 54d), the tunability being
31.7 nm or 5.4%. Modes at other wavelengths were shifted by the same percentage.

Taking into account the applied strain we can calculate the change in the circumference
of the droplet. We have measured the actual major and minor axes of the droplet using
optical micrographs (Figure 54a and b). The diameter of the droplet before the applied
strain was 14.4µm. After the strain the axes were 13.2µm and 16.9µm corresponding to a
relative change of −6.4% and 15.8%. The major axis length change agrees with the applied
strain of 15.1%. The initial circumference of the droplet was 90.2µm. After the stretching
the ellipsoid circumference is calculated as

C = 4aE(ε) (84)

where

ε2 = 1−
(
b

a

)2

(85)

is the ellipsoid eccentricity, E is complete elliptic integral of the second kind, a is the
semi-major axis and b is semi-minor axis. The new circumference now being 94.9µm, corre-
sponding to a relative change of 5.2%. This change agrees well with the actual optical mode
shift of 5.4%

We know that for non-spherical shape WGM microcavities the modes with different az-
imuthal mode numbers are not degenerate any more (see Section 2.2.3). Light in different
planes of circulation travels different optical path, therefore we should observe mode split-
ting. By using (44) we calculate that the mode splitting at 15.1% strain should be equal to
0.65 nm. However, no mode splitting is observed in the experiments. The reason for this is
the use of an old spectrometer with the resolution of 1.5 nm, which is clearly not enough for
the discrimination of single modes. By using tightly focused laser as a illumination, probably
just few modes near the illumination spot were excited, corresponding to different azimuthal
mode numbers. These modes were measured by the spectrometer as a single broader line.



70 Experimental results and discussion

Figure 54: Images and WGM positions of a LC droplet under increasing strain. a) A LC droplet
14.4µm in diameter embedded in PDMS polymer at 0% strain and b) at 15% strain. c) Fluorescent
intensity at 7.4% strain. The droplet was illuminated by a laser near its rim at the lower part of the
image. d) Positions of the optical modes as the strain is increased.

The shift of theWGMs could be also a consequence of change in the director configuration
in the droplet. The mechanical deformation of the droplet could induce significant changes in
the director configuration. This would change the refractive index and additionally modify
the optical path for the circulating light. However, in the experiment we can not see any
change of the texture under crossed polarizers. The director field is just stretched as if
the droplet was solid. The magnitude of the tuning also well matches to just mechanical
deformation. Therefore, we are confident that the tuning of WGMs is purely caused by
physical length change of the light path. One could now ask, why not to use just an droplet of
isotropic liquid, since the tuning would be the same. There are several advantages in using a
LC droplet. First of all, the TE and TM modes are dependent on different refractive indices,
the ordinary and extraordinary and are therefore decoupled. By choosing the right indices
we can change the free spectral range and positions of both polarization individually. If one
index is much higher than the other one, just one polarization can have the Q-factor large
enough to be visible. In this case the mode structure in the droplet simplifies considerably.
This is indeed the case in our experiments. Furthermore, by using LC microresonators we
can at the same time tune the modes also by temperature and electric field.
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4.7 Chemical sensors based on WGMs in LC droplets

The idea was to combine two chemical sensing methods, the fist one based on anchoring of
liquid crystals (Section 1.3.3) and the second, sensing by using WGM (Section 1.1.2). A
dye doped nematic droplet is used as a sensor. In this case, a molecule attaching to the
resonator does not change the index of refraction only because its dielectric properties, but
has an long range effect on other LC molecules. It reorients the LC molecules thus causing a
change in the index of refraction of a large area on the resonator surface. A single molecule
could in this way shift the resonance peak much more that with the existing WGM sensors.

Figure 55: Artist impression of a WGM LC chemical sensor. A LC droplet is floating in a solution
of surfactant molecules that are adsorbed on the surface and change the LC anchoring. A laser is
used to excite the WGMs in the droplet through which the changes in molecular orientation ca be
detected.

4.7.1 LC droplets at different surfactant concentrations

Before we have started measuring the optical modes inside LC droplets for sensing purposes,
we have first repeated previously published results on director configuration in the droplets
at different surfactant concentrations [65]. We have studied the same combination of liquid
crystal (5CB) and surfactant (SDS) since it is a well known system. We have observed
LC droplets under the microscope under different concentrations of SDS, ranging from 0 to
2mM. In these experiments the microfluidic device was not used, but instead dispersions
of different concentrations were prepared, filled in between two clean glasses and sealed.
In Figure 56 there are the proposed nematic director configurations in droplets (Figure
56a), bright field (Figure 56b) and crossed polarizers (Figure 56c) images of selected 17µm
5CB droplets at increasing SDS concentrations. In pure water the anchoring is planar and
the structure should be bipolar with two surface boojums at the two ends. However, the
two boojums are rarely observed in the experiment, probably because the anchoring is not
perfectly planar, because of impurities in water. If we add for example 5% PVA to the water,
strong planar anchoring is achieved, and the two boojums are clearly visible. However, in our
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experiments in pure water, the boojums are probably outside the droplet and the director
field is more uniform. When the concentration of SDS is increased, the anchoring tilt angle
continuously and spatially uniformly changes from planar to completely homeotropic [91].
At the SDS concentration of 0.2mM, the bipolar configuration transforms into a single
defect loop, encircling the microdroplet at the equator. When the concentration is further
increased, the ring starts to move to the surface in one direction and gradually shrinks into
a surface radial hedgehog point defect. The point defect than sinks into the center of the
droplet, finally making the perfect radial structure at approximately 2mM concentration
of SDS. The whole sequence of director configuration transformations is quasi continuous,
except for the formation of the ring at low concentrations.

Figure 56: Sequence of LC droplets at increasing SDS concentration. The concentration ranges from 0
to 2mM. a) Proposed nematic liquid-crystal director configuration in droplets at this concentrations.
b) Bright field optical microscope images of ∼ 17µm diameter 5CB microdroplets in SDS solutions.
c) The same images as in b), taken between crossed polarizers. Scale bar 10µm.

4.7.2 Lasing in LC droplets

Optical modes for the two outermost cases of bipolar and radial configuration were studied
into detail. A 13.7µm 5CB microdroplet was illuminated by a pulsed laser and the spectrum
was measured with the spectrometer. The spectrum of WGMs in the droplet at 4mM SDS
concentration, when the droplet is in radial configuration, is shown in Figure 57a and c. At
low pump power, sharp spectral lines, corresponding to TM1

l and TM2
l WGMs are observed

in the spectrum (Figure 57a). When the pump power is increased, some TM1
l modes in the

wavelength region where the dye has the highest gain, start to lase. In contrast, for bipolar
configuration, no modes are observed at low pump energies (Figure 57b). This is probably
because the nematic director is not uniform for the path of light around the droplet and the
trajectories and modes are therefore not stable and do not have high Q-factors. However,
at higher intensity, above the lasing threshold, sharp peaks appear (Figure 57d). Instead of
single lines, like in radial droplets, the modes are split and are present as groups of spectral
lines. The mode splitting within each group is of the order of 0.5 nm and the width of the
lasing lines is 0.05 nm, limited by the spectrometer resolution. The mode splitting can be
explained by the droplet not any more spherically symmetric. In spherical radial droplet
the modes with different azimuthal mode numbers are degenerate, because of the spherical
symmetry. But as soon as the modes in different planes of circulation posses different optical
path length, mode splitting occurs (Section 2.2.3). The optical path difference can be caused
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by geometrical deformation or in our case, since we do not observe any deformation, the
difference is caused by non-uniformities of refractive index. In terms of optical path, the
bipolar droplet is a prolate ellipsoid and can be therefore also approximated by an ellipsoid
with uniform refractive index. The optical path difference can be in this case calculated from
the mode splitting using (45). The calculated mode splitting corresponds to the optical path
difference of 8% between the two perpendicular planes. This number can be compared to the
optical path difference in the case when the director field is completely uniform. We have
calculated this in Section 4.3 using (83). For the 5CB droplet the optical path difference for
the two perpendicular planes is 5.4%, which is a little bit less than calculated from mode
splitting. Just as an observation, the droplet configuration with the two boojums at the
surface can not adequately explain such large mode splitting. Namely, in this case the LC
molecules have planar alignment on all of the droplet surface, except very near the defects.
This introduces just a minute difference in optical paths that go through the defect or away
from it. Therefore, this is an additional indication that the bojooms are expelled out of the
droplet and the director configuration in the droplet is nearly homogenous.

Figure 57: Fluorescent spectra for radial and bipolar droplets. Spectra of light emitted from a 13.7µm
5CB microdroplet were measured when exited by a pulsed laser. a) For radial droplet at low intensity,
WGM peaks are clearly visible. b) In contrast, for the bipolar configuration no spectral lines can
be observed at low pump power. c) Above the lasing threshold of 0.25mJ/cm2 some WGMs start
to lase, which is visible as very high peaks compared to the fluorescent background. d) In bipolar
droplet also spectral lines appear above lasing threshold of 0.7mJ/cm2. Each mode is split in a
number of closely spaced lines.

To confirm that the observed spectral features are really lasing, intensity of the spectral
lines was measured as the pump energy was increased. The results in Figure 58 show
clear thresholds for both radial and bipolar droplets. For a 13.7µm 5CB microdroplet
the threshold for the radial configuration is 0.25mJ/cm2 and for bipolar configuration is
0.7mJ/cm2. The radial configuration has three times lower threshold as well as more steep
slope above the threshold. Above the lasing threshold we can also see that the points are
more scattered for bipolar droplet (Figure 58b) than for radial one (Figure 58a), meaning
that the lasing is more stable in radial droplets. The insets in Figure 58 show the image
of the droplet above the threshold. For radial droplet configuration there are two distinct
bright spots that are a typical indication of lasing. However, for bipolar configuration the
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light intensity is more nonuniform suggesting a little more complicated light paths in the
droplet.

Figure 58: Lasing intensity for radial and bipolar droplets. Laser line intensity for a 13.7µm LC
droplet as the pump energy is increased for a) radial configuration and b) bipolar configuration. The
lines are just a guide for the eye indicating a clear lasing threshold. The insets show image of the
fluorescent light coming from the droplet above the threshold for the two cases.

4.7.3 Sensing characteristics

Fluorescent spectrum from a single trapped droplet was measured as the SDS concentration
was gradually increased. In the case of non-radial director configuration, the trapping laser
rotated the droplet so, that the rotational symmetry axis was lying in the plane of the
microfluidic cell, perpendicular to the direction of the laser beam. Results in Figure 59
show significant changes in the spectrum at different concentrations. For concentrations
below 0.1mM the droplet is in bipolar configuration and the spectra shows typical groups
of lasing lines separated by 0.5 nm. As the SDS concentration is increased to 0.1mM, when
the defect ring appears, the spectrum begins to change. There are still groups of lines
present, but at slightly different positions. When the concentration is increased beyond
0.3mM the split modes join into a single spectral line and shift strongly. The spectrum is
then changing quite chaotically with spectral lines appearing and disappearing and changing
postings quite randomly. At 0.5mM when the defect ring closes into a point defect, single
strong spectral lines appear and do not shift considerably all the way the droplet changes
to radial configuration at high SDS concentrations. For bipolar and radial droplets we
have proven lasing by measuring the threshold characteristics, but for intermediate droplet
configurations, the spectral lines may not always be lasing. For the concentration range
between 0.3mM and 0.4mM where the ”chaotic” change in the spectral features occurs, a
more detailed measurement was performed on a 16µm droplet by changing the concentration
in 0.02mM steps (Figure 59c). The spectral lines are clearly visible, but they are quite wide.
As the concentration is increased the lines change position and width in a non-monotonic and
unpredictable way. Also if the experiment is repeated multiple times on the same droplet,
the spectrum is changing in slightly different ways in each experiment.

At this point, it is not possible to precisely measure the concentration of SDS using
the spectral features. Even though the spectrum is sensitive to small variations in the
concentration, it just not changes in a predictable way nor following monotonically the
concentration. We can however, see from the spectrum if the SDS concentration is below
0.2mM or above 0.5mM. So the sensor can not in this way measure the concentration, but
it can be used as an indicator of the presence of a targeted molecule. The concentration
sensitivity of such a sensor can be dramatically reduced by using different target molecules.
It has been recently demonstrated for endotoxins [67], that already a million times smaller
concentrations than for SDS, can induce the change from bipolar to the radial configuration.

The changes induced by different surfactant concentrations are reversible, since the sur-
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Figure 59: Lasing spectrum as the concentration is increased. a) The director configurations for
different concentrations corresponding to b) spectrum of fluorescent emitted from a 13µm 5CB
droplet as the concentration of SDS was gradually increased. c) The range from 0.3 to 0.4mM where
chaotic changes in the spectrum occur, was measured more into detail on a 16µm droplet with
concentration steps of 0.02mM.

factant molecules on the interface are in thermodynamic equilibrium with the surrounding
water solution [101] and can therefore adsorb and desorb from the surface. Droplets can be
multiple times transformed from bipolar to radial and vice versa by changing the contrac-
tion of SDS, which can also be seen in the lasing spectrum (Figure 60). The equilibrium
states, the bipolar and radial configuration have well defined spectrum. However, within the
transition between these two states, the spectrum does not change in the same way in one
or the other direction. What is more, as already explained before, even one way transition
on the same droplet is different every time.
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Figure 60: Lasing spectrum as water and SDS ar added. Lasing spectrum from a single trapped
droplet when pure water and 4mM SDS are alternately added to the microfluidic chip.

4.7.4 Sensing in non-lasing regime

The droplets can also be excited with a CW laser, so in the regime below lasing threshold.
In this case, below 0.5mM, similar as in a bipolar droplet, there are no WGM lines in the
spectrum. Above this concentration, when the droplet is in radial configuration, WGMs
appear. So, the sensor is working as a indicator of the presence of surfactant molecules. In
Figure 61 spectrum as a function of time is shown when the droplet is first in 4mM SDS
solution and then pure water is added. The spectral lines at first start to shift, and soon
disappear. From this kind of graph we can conclude if the surfactant is present or not.

Figure 61: Fluorescent spectrum in a non-lasing regime. Spectrum of fluorescent light from a single
trapped droplet excited with the CW Argon laser. At first the droplet is in 4mM SDS. At 250 s pure
water is added.
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4.8 3D laser

4.8.1 Cholesteric liquid-crystal droplets

First, we have tried to make a dispersion of CLC droplets and to reproduce the results
already published years ago [45, 102]. We have prepared a mixture of a nematic liquid
crystal and a chiral dopant so, that the pitch of 2µm was achieved. This pitch does not
produce a photonic bandgap in visible light, but the periodic structure can be see under
optical microscope. To have high the contrast of the cholesteric layers on the images, a high
birefringence material was used. By mechanical mixing, spherical polydispersed droplets
are readily formed. Periodic concentric rings of alternating light-dark colors are observed
in the droplets (Figure 62a and b). The stripes are observed because of modulation of the
refractive index, their periodicity corresponding to half the pitch. The cholesteric helix is
pointing from the center of the droplet in all directions outwards to the surface as it is
schematically shown in Figure 63.

Figure 62: CLC droplets micrographs. a) A CLC droplet with the pitch of p = 2.2µm in glycerol.
The perfect structure with nearly concentric shells is clearly visible. From the center to the surface
there is a defect line, that is out of focus. b) A magnification of the central part of a droplet when
viewing along the defect line. c) A short pitch CLC droplet viewed in crossed polarizer.

The degenerate planar anchoring on the surface promotes this configuration. At the
center it should be a defect, where the orientation of the director is not defined. Because of
topological reasons the director configuration cannot be uniform across the whole droplet,
but a defect line should be formed. From literature [45,102] we know that director configu-
ration should be of a spherulite-type with a radial defect, which is a s = 2 disclination line
going from the center of the droplet to the surface. This kind of structure was observed be-
fore in the experiments [103–105]. The second configuration that can be found in cholesteric
droplets and has been observed in experiments [103,106], is also of spherulite-type, but with
a s = 1 diametrical defect structure, where the defect line runs diametrally from one surface
through the center to the other surface. In all our experiments with CLC droplets we have
observed only radial defect structure 2. Nearly all of the droplets smaller than approximately
100µm have this perfect spherulite structure, without any additional defects or imperfec-
tions. Most larger droplets have additional defects or they are deformed or in contact with
the surface because of their large size. Heating into isotropic phase and back to cholesteric
phase does not help to get read of unwanted defects in large droplets. What is more, the
heating and annealing introduces a lot of additional defects into the droplets. Therefore, it
is optimal to prepare the dispersion of the droplets at temperature where cholesteric phase
exists.

2In some preliminary experiments with ferroelectric liquid crystal (SmC*) droplets having homeotropic
anchoring on the surface, we have observed mainly diametrical defect structure.
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Figure 63: An artist’s impression of a 3D CLC laser. The yellow rods represent LC molecules that
form a helix from the center of the droplet outwards. The helix is seen as a concentric shells that
act as a spherical Bragg mirror. When the droplet is excited by an external laser, it emits light from
its center.

4.8.2 Simulation of the CLC droplet configuration

To better understand the structure inside the CLC droplet, numerical modeling was per-
formed by David Seč and Tine Porenta [107] from Prof. Slobodan Žumer’s soft matter
theoretical group, Faculty of mathematics and physics, University of Ljubljana. To model
the droplets, a continuum, single elastic constant Landau-de Gennes approach based on the
nematic order parameter tensor Qij was used. The model takes into account the Frank
elasticity due to deformation of the liquid crystal, as well as the local variations of the scalar
order parameter. The minimal free energy configurations of the director field and the scalar
order parameter were obtained by solving a system of coupled partial differential equations
with appropriate boundary conditions using an explicit Euler finite difference relaxation
algorithm on a cubic mesh. At the droplet surface strong degenerate planar anchoring con-
ditions were taken into account. The diameter of the droplet in the simulations was 4.5µm
and the pitch was 0.75µm, so that the ratio between the droplet diameter and the pitch
was a factor of 6. The results are presented in Figure 64. We can see a defect structure
that extends from the center of the droplet to its surface. On the surface there are two
point defects that are close together and can not be really distinguished in the experimental
pictures as two separate defects.

To compare the experimental micrographs of the long pitch droplets (Figure 62a and b)
with the simulations of the director field, David Seč also simulated the appearance of the
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Figure 64: CLC droplet director configuration simulation. Director configuration in a 4.5µm diameter
droplet for two perpendicular planes a) y-z and b) x-y. The pitch length is 0.75µm. The director
orientation in the plane of the image is represented by the orientation of the lines. The orientation
out of the plane is presented as different colors and line lengths. a) A complex defect structure
extending from the droplet to the surface is clearly visible. At the surface there are two point defects
represented by white points.

droplets under crossed polarizers [107]. The previously calculated director field configuration
in the droplets was upscaled to a larger diameter so that the pitch was 4.5µm. The refractive
indices were no = 1.5 and ne = 1.7. The transmission of white light through the structure of
the droplet was calculated using Jones 2× 2 matrix formalism, where just the birefringence
because of the director orientation was taken into account. In this case, refraction and
reflection were not taken into account, just the phase difference between the ordinary and
extraordinary ray due to the director orientation. As a white light, ten wavelengths from
the spectrum of an approximate black body radiation were taken. Transmission for each
wavelength was calculated separately and the final picture (Figure 65a and b) is their sum.
The experimental results (Figure 65c and d) match the calculations. The colors are not the
same, since the pitch, droplet size and refractive indices are not the same in the experiments
compared to theory. The illumination in the experiments is also not completely parallel and
the light is captured by a high numerical aperture objective. The colors of the layers also
change when changing the focus of the microscope.
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Figure 65: Transmission through a CLC droplet: simulation and experiment. Calculation of the
transmission of white light through a cholesteric droplet for two directions a) perpendicular to the
line defect and b) along the defect. The pitch is 4.5µm. c) and d) experimental images of two
cholesteric droplets under crossed polarizers for the same light propagation direction as for calculated
transmission. The pitch is 4.3µm. Scale bar in all the images is 5µm.
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4.8.3 Lasing characterization

When we were able to make droplets with nice internal structure, we have used higher
chiral dopant concentration, to reduce the pitch, so that the reflection bandgap was in
visible light. Such a droplet is shown in Figure 62c in crossed polarizers. Fluorescent dye
was added as well. The droplets were also nice up to 100µm and the radial defect was still
visible. A single droplet was observed through a 20x objective and illuminated with the
532 nm green Q-switched laser with repetition rate of 200Hz and a waist diameter on the
sample of ∼ 100µm.

At low excitation laser power, the whole droplet is emitting fluorescent light (Figure
66a). When increasing the power of the pump laser, a bright spot suddenly appears in
the center of the droplet (Figure 66b and c). The intensity of the emitted light is slightly
fluctuating and speckles are observed, suggesting coherent light emission. When further
increasing the input laser the light intensity from the center of the droplet becomes really
strong and a bright spot on the sample can be seen even with naked eye.

Figure 66: Emission of light from a 3D laser when the intensity of the pump laser is gradually
increased. a) Below the lasing threshold at 1.6mJ/cm2 only some fluorescence is observed in the
droplet. b) Just above the threshold (1.9mJ/cm2), a bright spot is observed in the center of the
droplet corresponding to omnidirectional lasing. c) At high pump power (12mJ/cm2) the lasing
becomes very intense.

Next, the light from the droplet was analyzed as a function of the pump intensity by
using the spectrometer (Figure 67a). At lower intensity, when no bright spot is present in
the center of the droplet, just typical fluorescent background in red light is observed. But
at higher intensities a single sharp spectral line positioned at around 600 nm appears in the
spectrum indicating threshold behavior. Indeed, when spectral line intensity is measured
as a function of pump intensity, typical lasing threshold behavior is observed (Figure 67b)
with a threshold of 1.7mJ/cm2, equivalent to the pulse energy of 20 nJ for a 1 ns pumping
pulse, focused to uniformly illuminate a 40µm diameter droplet. As a comparison, the
threshold for planar cell filled with the same mixture with 40µm thickness was 1.3mJ/cm2.
The threshold is dependent upon the size of the droplet and increases with small diameter
droplets (Figure 67c). The reflectivity for the light trapped in the center decreases with
smaller number of layers and therefore increasing the threshold. The smallest droplets
made of high-birefringence cholesteric liquid crystal that were still lasing were 15µm in
diameter. Nearly all the droplets larger than this diameter were lasing when illuminated
with high enough intensity. Also the droplets that did not posses perfect internal structure,
but contained defects, were also lasing but usually the lasing was multimode with multiple
spectral lines and non-point-like emission intensity. We have achieved a maximum average
power of a CLC Bragg laser of 0.05mW at a 200Hz repetition rate. The maximum power
is limited by photobleaching of the dye as well as thermal heating and optical force of the
pump laser, that pushes the droplet to the cover glass. At lower powers the lasing at 200Hz
repetition rate can be maintained for more than 10 minutes. The lasing time is dependent
on photobleaching of the dye, that in contrast to lasing in planar CLC cell, can not be
replaced by diffusion from other parts of the cell, since single droplets are isolated systems.

The laser line spectral width is typically ∼ 0.1 nm (Figure 67d). This is comparable
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Figure 67: Optical properties of a spherical CLC laser. a) Spectra of light from a single CLC droplet
when the pump power is increased. b) The intensity of the laser line as the pump intensity is
increased. A clear laser threshold can be observed at ∼ 1.8mJ/cm2. c) The laser threshold as a
function of droplet diameter. d) High resolution spectra of the laser line shows spectral width of
0.1 nm.
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to lasing in planar CLC [55] and lasing in blue phase II [5]. However, if the acquisition
time of the spectrometer is below 50ms, the laser line width is below the resolution of the
spectrometer (0.05 nm) and the laser line fluctuates in time (Figure 68). This is probably
due to the thermal fluctuations of the liquid crystal director as well as the distortions and
heating induced by the pump laser. The characteristic flickering of the laser light from the
center of the droplet can also be observed by the naked eye.

Figure 68: Temporal spectral properties of a spherical CLC laser. High speed spectral acquisition of
lasing from a 34µm droplet. The acquisition time is 50ms. Fluctuation of the laser line position as
well as the intensity are clearly visible. The time averaged linewidth is 0.18 nm.

We have also measured if the laser wavelength and linewidth are dependent on the size of
the droplets. In the case of lasing wavelength there is a slight trend of increasing wavelength
with larger size (Figure 69a). This can simply be due to heating of the droplets with the
pump laser, since for smaller droplets more power is needed because of higher threshold.
At higher temperature the laser line should be shifted to shorter wavelengths which is
in agreement with the results. In general the difference between droplets with different
size is just 5 nm. Since with our procedure we can not make monodisperse droplets, it is
important that the lasing is not size dependent. Linewidth is also size dependent, with
larger droplets having narrower lasing line (Figure 69b). This can be explained in two ways.
Firstly, as already explained, smaller droplets need more power to start lasing, so the heating
introduces more thermal flotations which time averaged, broaden the laser line. Secondly,
smaller droplets have fewer layers, which can reduce the Q-factor of the resonator and make
the laser line wider.

The lasing in planar CLC cell can be either photonic bandedge lasing or defect mode
lasing [55]. In the first case, the laser line appears either on the short or at the long edge of
the photonic bandgap, depending where the dye has the optimal gain. The defect lasing is
present when a few hundred nanometers thick layer of usually isotropic material is placed
inside the CLC active material 3. In this case, the lasing occurs in the middle of the photonic
bandgap. For the CLC microdroplet it could be the case of the defect mode lasing, since
in the center of the droplet there is a LC structure, that is comparable to the wavelength
of the light (Figure 64a, 65a and c). The alternating layers of low-high refractive index
confine the light to the center of the droplet where the optical defect is located. However,

3We have to distinguish between optical defects and defects in LCs. An optical defect is a structure with
size comparable to the wavelength of light that is embedded in a photonic structure and supports optical
modes. Whereas, a defect in a LC is an isotropic region, typically few nanometers in size. It is too small to
act as an optical defect, so is not able to support optical modes.
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Figure 69: Lasing properties as a function of droplet diameters. a) Lasing wavelengths and b) lasing
linewidths of droplets with different diameters. Both measurers were performed using high refractive
index LC.

when viewing the droplet from other direction, there is no such structure present, but just
holesteric layers that end in the center of the droplet (Figure 64b, 65b and d).

To find out which type of lasing is occurring in the droplets, the position of the reflection
bandgap should be compared to the lasing line. The reflection bandgap of the same material
as used to make the droplets, was measured in a planar cell. The central position of the
reflection bandgap is 595 nm, equivalent to the pitch of 400 nm. The lasing occurs at the
longer bandedge (Figure 70) and is therefore a bandedge lasing. This is true for all the
directions of lasing, as we will see in Section 4.8.5. The lasing mechanism for our CLC
microdroplets is therefore the same as in planar CLC lasers that do not contain a defect.
In that case the lasing occurs in the direction of the helical axis. In the droplet, the helix
is pointing in all the directions from the center and also lasing is than occurring in all the
directions corresponding to many independent lasers emitting light in different directions.

Figure 70: Lasing and reflection spectrum. Laser spectrum above the threshold (red) compared to
the reflection spectrum (blue) of white light on planar cell 30µm in thickness filled with the same
CLC material.
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4.8.4 Polarization

Polarization of the laser light emitted by 3D Bragg laser is an important parameter that
should be measured. For planar CLC lasers the polarization is circular, so also for spherical
CLC lasers circular polarization is expected. First, the lasing intensity from a single droplet
was measured as the polarizer was rotated. The intensity was extracted from the spectra
separately just for the laser line and just for the fluorescent background (spontaneous emis-
sion). In Figure 71a a small modulation of light can be seen, so the fluorescent background
light is slightly linearly polarized. This can be explained by a slight ellipticity of the exci-
tation light, that is generated when the circularly polarized excitation light is reflected by
the dichroic mirror. Since the excitation light is slightly linearly polarized, so is also the
emitted light. The laser line of the 3D laser is not linearly polarized, as can be seen from
Figure 71c. For measurement of circular polarization a quarter-wave plate was added before
the polarizer with its axis at 45◦. The fluorescent background is slightly circularly polarized
(Figure 71b), which can be explained by suppression of the spontaneous emission of just one
circular polarization caused by the PBG. For the laser line, a large amplitude modulation
can be observed (Figure 71d), therefore it is highly circularly polarized. However, we have
to emphasize that the results for different droplets varied greatly and we can not say for
certain that the output of the 3D lasers is really circularly polarized. We have also not
measured in detail the polarization of the light emitted along the defect line. In all the
experiments the defect line was oriented randomly.

Figure 71: Polarization measurements of the 3D laser. Intensity of the fluorescent background (top
row) and intensity of the laser line (bottom row) as the polarizer is rotated (left column) and with
an additional quarter-wave plate added (right column).
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4.8.5 Angle dependance

Since the laser cavity in the CLC droplet is almost spherically symmetric, we expect the
laser to emit light in all the directions equally. In most applications the highly directional
emission is needed, but in some special cases, such as holography, sensing or imaging, a
point source of coherent light that emits light in all directions is a better choice or even
necessary. Therefore, the directionality of the emission was measured. The results in Figure
72a show that the lasing intensity is indeed highly directionally uniform. The wavelength is
also nearly constant across the entire solid angle (Figure 72b). We have to emphasize that
the angle measurements are time averaged, which means that for each point on the graphs,
many laser pulses were measured. It could be possible that each individual pulse could
have a random specific direction of lasing, but when many of them are averaged, uniform
lasing in all directions is achieved. To find out if the laser is emitting in all the directions
simultaneously, intensity of the emitted light should be measured at high speed from at least
two different angles and correlation should be calculated.

Figure 72: Angle dependance of lasing. a) Time averaged lasing intensity from a single 50µm CLC
droplet when the camera was rotated around the capillary. The results show very uniform angle
dependance. b) Lasing wavelength as a function of angle is also very uniform.

Figure 73: A micrograph of a CLC laser from different view directions. Images of a single 3D laser
in a capillary excited above the threshold from three different perspectives. A bright spot in the
center corresponds to lasing and it is visible from all the directions. The droplet is of a elongated
shape because of the optical distortion when observing through a curved surface of the capillary.
The arrows show the direction of the excitation laser.

4.8.6 Tunability

By selecting the appropriate dye and chiral dopant concentration, lasing in planar cells has
been achieved by other groups in a wide range of wavelengths from UV to IR [41, 108] and
should also be possible in CLC droplets. The cholesteric pitch is known to be temperature
dependent [42], either elongating or shortening with temperature, depending on the LC
and the chiral dopant used. The change in pitch also changes the position in the photonic
bandgap and therefore the lasing wavelength. In the case of CLC droplets we were able
to tune the lasing wavelength by almost 50 nm when increasing the temperature by just
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15◦C (Figure 74a). The spectral shift is almost linear with temperature (Figure 74b),
the tuning coefficient being 3.5 nm/K and completely reversible. Phototunability has also
been demonstrated in cholesteric lasers [109] and should be interesting for application in
phototunable spherical lasers.

Furthermore, by applying electric field, the lasing characteristics should also be changed.
In the case of positive dielectric anisotropy of the CLC, the electric field should unwind the
helix [88], thus changing the directionality and wavelength of lasing. At even higher fields
we expect that the lasing will cease, because of the helix would be too much deformed.
More interesting could be using a negative dielectric anisotropy LC. In this case the electric
field should induce planar CLC structure [110] such as in planar cells, making the laser
unidirectional. Some experiments with electric field have been already done, however with
liquid matrix such as glycerol the problem is that the field deforms the droplets and pushes
them to one surface. Therefore, a solid carrying medium with planar anchoring has to be
used. No appropriate material has been found till now.

Figure 74: Temperature tunability. a) Lasing spectra from a single droplet when the temperature
was increased. At temperatures higher than 310K the bandgap was not in the optimal range of
the fluorescent dye and the lasing ceased. Therefore, the excitation power had to be increased,
also increasing the fluorescent background. b) Continuous temperature change shows almost linear
dependence.

4.8.7 Lasing of higher Bragg modes

Till now we were focusing only on completely radial lasing in cholesteric droplets, having a
single sharp spectral line and the light coming from the center of the droplet. In cholesteric
droplets we can also achieve lasing of higher Bragg modes that also have angular momentum.
By using lower concentration of chiral dopant the PBG can be pushed to infrared part of
the spectrum, so that it is out of the gain region of the dye and the droplet does not lase
any more. This is true just for light with the incidence along the helical axis. Following the
Bragg’s law, at smaller angles, light with shorter wavelengths is reflected from the periodic
structure. In the droplet this means, that the red fluorescent light from the dye is not any
more reflected in radial direction, but instead reflects multiple times from the layers at a
smaller angle and so circulates in the droplet. This is similar to WGMs, where the light
is multiply reflected from the surface and circulates around the droplet. The difference in
cholesteric droplet is, that the light is not reflected because of total internal reflection, but
because of Bragg structure. The light also does not circulate close to the surface, but in
the interior of the droplet. In Figure 75 lasing spectra and images of three droplets with
increasing pitch length are shown. When a droplet is pumped by a pulsed laser, a ring of
light is clearly visible in the interior of the droplet. As the pitch length becomes longer, the
ring of light becomes larger. Also at longer pitch, the droplet needs to be larger, in order
to support these modes. In the spectrum there are multiple modes visible and as we go
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to longer pitch the number of lasing modes increases. Overall, these are still preliminary
results and we do not know exactly which modes are lasing, what is the mode spacing and
what is the radius of the light circulation dependent on.

Figure 75: Lasing of higher Bragg modes in longer pitch droplets. Images of three cholesteric droplets
with different pitch in white light, under excitation and their lasing spectrum. a) Droplet with pitch
of 470 nm, corresponding to central position of the PBG of 700 nm. b) Droplet with pitch of 510 nm,
corresponding to the PBG at 770 nm and c) Droplet with pitch of 550 nm, corresponding to the PBG
at 830 nm.

In most experiments we have used low refractive index LC and high refractive index of
the outside medium, so that the index contrast is as low as possible in order to suppress
WGMs on the surface of the droplet. By using a high refractive index LC (MLC-2132) also
WGMs can start to lase at the same time as the Bragg lasing (Figure 76a). The WGMs
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Figure 76: Lasing of higher Bragg modes and WGM lasing in longer pitch droplets. Lasing from
droplets made of high refractive index cholesteric droplets with different pitch length. a) At short
pitch we observe radial mode Bragg lasing and WGM lasing, as a bright spot in the center of the
droplet and a ring on the surface, respectively (chiral dopant concentration is 26%). b) Both radial
mode lasing and lasing of higher Bragg modes are observed as well as WGM lasing, as a bright spot
in the center of the droplet, a ring in the interior of the droplet and a ring on the surface, respectively.
(chiral dopant concentration is 24%) c) At even longer pitch just lasing of higher Bragg modes and
WGM lasing is observed, a ring in the interior of the droplet and a ring on the surface, respectively.
(chiral dopant concentration is 20%)
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are visible as an ring on the surface of the droplet and the Bragg lasing is coming from the
center of the droplet. In the spectrum several peaks at shorter wavelength correspond to
WGMs and a single peak at 610 nm corresponds to Bragg lasing. When we increase the
pitch length, lasing of higher Bragg modes appear as a ring visible in the droplet (Figure
76b). WGMs are visible as well. At even longer pitch the radial Bragg mode is not lasing
any more. Lasing of higher Bragg modes is visible as a set of closely spaced spectral lines
at shorter wavelengths and WGMs are visible as peaks at longer wavelengths (Figure 76c).

Figure 77: WGM and Bragg thresholds. Thresholds for WGMs and radial Bragg lasing in high
refractive index LC droplets and corresponding planar cells with the same thickness.

Thresholds for both Bragg and WGM lasing are dependent on droplet size and are
lower in bigger droplets because of higher Q-factors (Figure 77). The threshold for WGMs
decreases faster with the droplet diameter than for Bragg lasing. The droplets below 25µm
have lower threshold for Bragg lasing, whereas above 25µm the threshold is lower for WGMs.
The smaller droplet with Bragg lasing is 15µm in diameter and the smallest with WGM
lasing is 19µm in diameter. For planar cell filled with the same mixture as used for the
droplets, the threshold is nearly constant with the thickness and is comparable to threshold
for larger droplets.

4.8.8 Polymerizable 3D laser

It has been shown that lasing can also be achieved in polymerizable cholesteric LCs [111,
112] and cholesteric liquid crystalline elastomers [113]. The advantage of polymerizing the
structure is that it can be stabilized. After polymerization the director structure remains
the same, the order parameter does not change a lot, usually it increases and the thermal
fluctuations are quenched. The LC is also not sensitive to changes in temperature and
external fields any more. This is an advantage to achieve stable optical properties of the
CLC, but on the other hand also a disadvantage, since the system is not tunable anymore.
In the case of CLC lasers, the polymerization stabilizes the lasing, both the wavelength and
the pulse-to-pulse energy. Since there are no more thermal fluctuations, the refractive index
and the pitch are also not fluctuating and the lasing wavelength is more stable. The pump
laser locally heats and reorients the LC causing even larger fluctuations, which is avoided by
polymerization. Unfortunately, the polymerization increases the lasing threshold. Why this
happens is not clear. In the case of droplets, the polymerization has additional advantage, in
the sense, that we can also mechanically stabilize the droplets. They can be then extracted



Experimental results and discussion 91

from the carrier fluid in the form of dry powder and can be incorporated in other materials
or used as a single probes.

We have used a mixture of two photocurable cholesteric liquid crystals, CLC 03-008
(35.1wt%) and CLC 03-009 (64.9wt%) from Merck and DCM dye (1.2wt%) [114]. The
mixture was prepared by F. Araoka from Prof. H. Takazoe’s laboratory. A small quantity
of non-polymerizable ZLI-2293 was added to the mixture to precisely tune the PBG to the
emission of the fluorescent dye. The droplets were prepared with the same procedure used
for the non-polymerizable LCs. The dispersion was then introduced in between two glasses
and illuminated with UV light for 5 minutes.

Droplets made in this way are similar in appearance as of non-polymerizable CLCs and
the appearance does not change after polymerization (Figure 78b). However, almost all
droplets larger than 30µm have irregular defects inside. The reason for the formation of
the defects is very large viscosity of the CLC which prevents the annihilation of defects. To
reduce the viscosity, the CLC mixture can be heated to just bellow the clearing point before
mixing with glycerol.

When illuminating a single polymerized droplet with a pulsed laser, a bright spot appears
in the center as well as a ring on the surface (Figure 78c), corresponding to Bragg lasing and
lasing of WGMs, respectively. Both can also be observed in the spectrum (Figure 78a). If
the polymerized droplets would be transferred to a high refractive index material the WGMs
would be suppressed and only Bragg lasing would be observed.

Figure 78: Polymerized CLC spherical laser. a) Lasing spectrum from a 20µm polymerized CLC
droplet. b) Optical micrograph of the same droplet and c) when it is illuminated by a pulsed laser.

Pulse-to-pulse stability of polymerized Bragg lasers was also measured. In Figure 79
the output energy versus the input energy is plotted. Each point represents a single 1 ns
pulse. The energy of each pulse from the pump laser is not very stable, therefore to deter-
mine the input energy, the intensity of the non-lasing part of the spectrum (the fluorescent
background) from the droplet was used as the reference for the input energy. The plotted
output intensity is calculated as the surface below the laser peak. In the plot for poly-
merized droplet we can clearly see the lasing threshold (Figure 79a). In a small part of
input intensities around the threshold, the laser is sometimes lasing, sometimes not. For
the non-polymerizable sample (Figure 79b) this region of intermittent lasing is much wider
and in general the points are much more scattered. Therefore, with polymerization we have
achieved more stable lasing as also mechanically stabilized the droplets.

Polymerized CLC droplets without the dye could be also used as an material with inter-
esting optical properties. The droplets could be introduced in a carrying medium that has
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Figure 79: Output intensity versus input intensity of single laser pulses. Output intensity for a)
polymerized droplet and b) non-polymerizable sample.

the refractive index the same as the average refractive index of the LC. The refractive index
matching would prevent the droplets to act as lenses and the light to be scattered. Only the
periodic structure would have an effect on the optical properties of such material. Because
the droplets are spherically symmetric, they have photonic bandgap in all the directions,
therefore their dispersion could also have an isotropic photonic bandgap.
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4.8.9 Particles incorporated into a CLC droplet

In all the experiments with spherical CLC lasers the dye was dissolved in the CLC and was
therefore distributed in the whole droplet. More efficient pumping could be achieved by only
having the dye in the center of the droplet where there is the highest light intensity. In this
way, also suppression of the spontaneous emission could be achieved. This could be done
by introducing a fluorescent hard particle to the center of the droplet. The other reason for
including a particle to the center of the droplet is to achieve defect mode lasing [53]. The
same as in planar CLC cell where a thin layer of isotropic material is introduced in between
layers of CLC, in the droplet this would be achieved by a spherical particle. Furthermore,
a plasmon particle or nonlinear core material for second-harmonic generation could be used
as an active core.

In the case of nematic droplets, the introduced particle is stable in the center of the
droplet, where the defect is located (Section 4.1). We would expect something similar
also in cholesteric droplets. In this case, planar anchoring on the surface of the particle
would match the director configuration. To try to achieve this, we have first dispersed the
solid particles into the CLC and then mixed this into the carrier medium using the same
procedure as for nematic shells. We have used silica colloids with diameters from 150 nm up
to 10µm with either planar or homeotropic anchoring or gold nanoparticles without surface
treatment. The results were in all case the same. The particles did not go into the center
of the droplet, but rather to the radial defect line and most of the times where the defect
line was pinned to the surface of the droplet.

Figure 80: A CLC spherical laser with included particles. a) A CLC droplet in glycerol with incor-
porated 500 nm silica colloids and b) with gold nanoparticles. In both cases the defect line from the
center of the droplet to the surface is visible. The particles aggregate on the surface where the defect
line comes to the surface.
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5 Conclusions

In the research work covered by this thesis, we have started a new area of research by
using for the first time liquid-crystal droplets as optical microcavities. The use of LC droplets
was before limited mostly to PDLC, where the optical modes were not supported inside the
droplets, mostly because their small size. It has been shown already many years ago by
theoretical and experimental groups, that liquid-crystal droplets are a very rich system. The
variety of structures in the droplets reflects also in a variety of possible optical modes and
their many possible applications. The structures in the droplets are self assembled because
of elastic forces in LCs, which is a great advantage over solid state optical components,
since no complicated fabrication methods are necessary. We have shown that nematic and
cholesteric droplets can support optical modes. The modes in the two types of droplets are
different in their properties, such as the intensity distribution, number of modes, polarization
and direction of emission.

To observe, manipulate, excite and analyze the droplets and their spectral properties, an
optical setup build around an inverted microscope was used. The old setup that included a
green and an infrared tweezers was upgraded with a pulsed laser and a spectrometer with a
cooled EMCCD camera. Software was written to control most of the devices in the optical
setup including temperature, electric field and position of the sample.

First, radial nematic droplets were used as optical microcavities [83]. They were pre-
pared just by mechanical mixing of a nematic LC and a carrying fluid. It was found that
PDMS is a good choice as a carrying medium, since it gives homeotropic anchoring and can
be polymerized to fix the droplets. Prior to the polymerization, single droplets can also be
manipulated by the laser tweezers and assembled into arbitrary structures. Instead of using
just LC also hard particles can be introduced in droplets, and can sit in the center of the
droplet making a thin shell of LC. The LC used in most experiments was doped with a fluo-
rescent dye and a single droplet was illuminated by a laser through a microscope objective.
Droplets can also be excited by introducing a fiber into the sample. Fluorescent signal was
sent to a spectrophotometer and analyzed. Narrow spectral peaks in the spectrum were
identified as WGM and by fitting to theory, the mode numbers were identified. Compared
to isotropic spheres, the two polarizations (TE and TM) of the modes sense different re-
fractive indices and are decoupled from each other. In our case the TM modes have much
higher Q-factors and is small droplets no TE modes are observed. The Q-factor of WGMs
in droplets larger than 30µm is up to 12,000, limited by the resolution of the spectrometer
used to analyze the signal. For both radial and bipolar nematic droplets also low-threshold
lasing has been achieved by using a pulsed laser as an excitation source.

After showing that LC droplets can support WGMs, the natural next step was to apply
electric field to the droplets. The electric filed changes the nematic director orientation
inside the droplets, which has an effect on the average refractive index for the light traveling
inside the droplet. By applying moderate field of up to 2.6V/µm we were able to tune the
WGMs by almost 20 nm for the modes near 600 nm [83, 115]. This is one or two orders
of magnitude more than achieved before in solid state microresonators. The tunability is
almost linear and completely reversible. It exceeds the free spectral range of the cavity, so
that the modes can be shifted to any wavelength.
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The WGMs in a LC droplet can also be tuned by temperature [116]. The refractive in-
dices of LCs are highly temperature dependent. By increasing the temperature the ordinary
index increases and the extraordinary index decreases. Therefore, also the TE and the TM
modes are shifted to longer or shorter wavelengths, respectively. The tunability for E12 LC
droplets is approximately 15 nm for temperature change of 30K. The tunability, except very
near the transition temperature, is completely reversible and exceeds the FSR. The tuning
of single droplets can also be achieved by local heating with a laser. The LC WGM cavities
can also be used as temperature sensor, a single droplet indicating local temperature in a
sample.

The third way of achieving tunability is by mechanical deformation [116]. A thin free
standing film of polymerized PDMS containing the droplets was mechanically stretched and
the positions of the modes were measured. At 15% strain the mode shift is more than 30 nm.
The tuning mechanism is in this case not connected to the nematic director configuration or
order, but it has pure geometrical origin. Namely, the deformation changes the geometrical
path of the light, which is the same as it would be in an isotropic droplet. The tunability is
also in this case completely reversible and exceeds the FSR.

We have further demonstrated, that by observing optical modes in dye doped nematic
LC droplets in water, they can be used as versatile chemical sensor [117]. Foreign surfactant
molecules adsorb to the LC-water interface influencing the surface anchoring, which in turn
changes the LC ordering inside the droplet and effects the frequencies of the WGMs. In
contrast to solid WGM microresonators, the molecules that bind to the LC-water interface,
do not change refractive index just locally, but the perturbation is propagated into the bulk
LC by long range interactions. We demonstrate that the presence of 0.3mM concentration of
SDS in water induces significant and clearly detectable changes in the lasing spectrum from
WGMs. The developed sensing method could be easily integrated into existing microfluidics
chips. Monodispersed LC droplets could be formed within a microchannel and the excitation
and detection of fluorescent light could be achieved through the integrated optical fibers
[118]. Monitoring and automated recognition of the lasing spectra from LC microdroplets
has therefore a clear advantage in comparison to the conventional observation of individual
droplets under an optical microscope and could provide efficient and automated readout of
the presence of targeted molecules in water surrounding the LC microdroplet sensor.

We have extended lasing principle in cholesteric liquid crystals from planar geometry
into a spherical one [119, 120]. A small quantity of dye doped cholesteric liquid crystal
was mechanically mixed with an external carrier fluid such as glycerol. In the process of
mechanical mixing thousands of droplets with different sizes were produced. Each droplet
has a spherulite structure that corresponds to the helical pitch having radial direction and
being equivalent to a Bragg onion resonator. When a single droplet was illuminated by a Q-
switched doubled Nd:YAG laser, a narrow spectral line appeared above the lasing threshold.
The linewidth was 0.1 nm and the laser line was positioned at 620 nm, matching the longer
wavelength photonic bandgap edge. Lasing could also be observed as a bright spot in the
center of the droplet. The lasing wavelength is not dependent on the droplet size and can
be arbitrarily selected from UV to IR by utilizing liquid crystal with proper pitch length
and a proper fluorescent dye. By changing the temperature of the droplet, the cholesteric
pitch is varied and the position of the laser line can be tuned by several tens of nanometers.
The temperature change of 13K shifts the laser line by 40 nm. By measuring the angle
dependence of the emission we have found that the emission is highly uniform and the
laser is really emitting light isotropically, thus the laser is acting as a coherent, point-like,
omnidirectional source of light. A number of other characteristics of the laser, such as
the polarization, stability, linewidth as a function of droplet size and thresholds have been
measured. Also multimode lasing has been achieved. A number of applications of the
cholesteric onion microlasers is anticipated, such as holography, telecommunications, optical
computing, imaging, sensing and even as a material for paints [47] or light sources that emit
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coherent light in all directions. By polymerizing the liquid crystal itself, a more mechanically
stable microlaser can be made, useful for example in biological imaging. Furthermore, the 3D
cholesteric laser is also one of the simplest lasers to make in general. Only four commercially
available substances are needed: a nematic liquid crystal, a chiral dopant, a fluorescent dye
and a fluid as the external medium. No complicated mixing procedures are needed and the
whole process can be completed in less than fifteen minutes in any laboratory. Coupled
regular arrays of thousands and even millions of CLC microlasers could also be made. We
anticipate that by using better materials and optimized material parameters, such as the
concentration of the chiral dopant and of the fluorescent dye, it will be possible to further
reduce the size and increase the tunability and the functionality of the cholesteric onion
lasers. The CLC onion microlasers could also be combined with optical fiber waveguides to
collect radiating light into the waveguides. Omnidirectional laser emission is one of the more
relevant results of the dissertation, since there are just few known lasers that emit light in
all directions in space. This is probably the only such laser source that is also highly tunable
at the same time. We also have to emphasize that lasing in a spherical Bragg structure has
been achieved for the first time.

By using different LC materials such as smectic, ferroelectric, discotic, blue phase and
others, plus different shapes of the droplets and by applying external fields, an almost
infinite number of combinations are possible. The final idea is not to use the LC droplets
as single optical components integrated in some other solid state optics, but to have the
whole integrated photonic structure made from soft materials. This opens a new area
of research called soft photonics. All living creatures have extraordinary complexity and
are made mostly of soft matter, the single building blocks being self assembled by complex
interactions. Why not to have an artificially made photonic circuit that is entirely composed
of soft materials and the single components being self assembled to the right positions.
Bottom-up approach would in this case enable cheap, large scale production of such photonic
structures without the need of complex procedures such as lithography that is limited just
to planar geometries. Such soft structures would also have a number of useful properties
such as tunability, real time reconfigurability and self healing. There is still a lot of work to
be done in order for this self assembled structures to be realizable. However, some simple
cases could be manufactured with current knowledge and technology. It has been shown
that hard particles embedded in a LC can be self assembled in a variety of structures [68–72].
In this way, the microcavities could be self assembled in various structures such as CROWs
and connected to other solid state components. Coupling the resonators with waveguides
could lead to efficient extraction of light from cavities, as well as a potential to use them as
filters and routers.

The work in this dissertation has great potential in future micro-optics circuits as well
as in basic research. Form application point of view this work could have impact on the
development of a number of tunable optical elements, such as microlasers, narrow filters,
optical switching and routing, ultrasensitive biosensing, temperature and displacement mea-
surements, high resolution spectroscopy, etc. Liquid-crystal resonators, could be useful not
just for commercial applications, but also in various studies such as nonlinear optics, cavity
quantum electrodynamics and single photon sources.
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Dr. Janezu Štrancaru, Doc. Dr. Zoranu Arsovu in Dr. Tilnu Kokliču za pomoč pri majhnih,
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[56] Rasing, T.; Muševič, I. Surfaces and Interfaces of Liquid Crystals (Springer, Berlin,
Heidelberg, New York, 2004).

[57] Brake, J. M.; Daschner, M. K.; Abbott, N. L. Formation and characterization of phos-
pholipid monolayers spontaneously assembled at interfaces between aqueous phases
and thermotropic liquid crystals. Langmuir 21, 2218–2228 (2005).

[58] Brake, J. M.; Daschner, M. K.; Luk, Y. Y.; Abbott, N. L. Biomolecular interactions
at phospholipid-decorated surfaces of liquid crystals. Science 302, 2094–2097 (2003).

[59] Luk, Y. Y.; Tingey, M. L.; Dickson, K. A.; Raines, R. T.; Abbott, N. L. Imaging the
binding ability of proteins immobilized on surfaces with different orientations by using
liquid crystals. J. Am. Chem. Soc. 126, 9024–9032 (2004).

[60] Jang, C.-H.; Cheng, L.-L.; Olsen, C. W.; Abbott, N. L. Anchoring of nematic liquid
crystals on viruses with different envelope structures. Nano Lett. 6, 1053–1058 (2006).

[61] Sivakumar, S.; Wark, K. L.; Gupta, J. K.; Abbott, N. L.; Caruso, F. Liquid crystal
emulsions as the basis of biological sensors for the optical detection of bacteria and
viruses. Adv. Funct. Mater. 19, 2260–2265 (2009).

[62] Kinsinger, M. I.; Sun, B.; Abbott, N. L.; Lynn, D. M. Reversible control of ordering
transitions at aqueous/liquid crystal interfaces using functional amphiphilic polymers.
Adv. Mater. 19, 4208–4212 (2007).

[63] Shah, R. R.; Abbott, N. L. Principles for measurement of chemical exposure based
on recognition-driven anchoring transitions in liquid crystals. Science 293, 1296–1299
(2001).



References 107

[64] Lockwood, N. A.; Abbott, N. L. Self-assembly of surfactants and phospholipids at
interfaces between aqueous phases and thermotropic liquid crystals. Current Opinion
in Colloid & Interface Science 10, 111–120 (2005).

[65] Gupta, J. K.; Zimmerman, J. S.; de Pablo, J. J.; Caruso, F.; Abbott, N. L. Characteri-
zation of adsorbate-induced ordering transitions of liquid crystals within monodisperse
droplets. Langmuir 25, 9016–9024 (2009).

[66] Tjipto, E.; Cadwell, K. D.; Quinn, J. F.; Johnston, A. P. R.; Abbott, N. L.; Caruso, F.
Tailoring the interfaces between nematic liquid crystal emulsions and aqueous phases
via layer-by-layer assembly. Nano Lett. 6, 2243–2248 (2006).

[67] Lin, I-H.; Miller, D. S.; Bertics, P. J.; Murphy, C. J.; de Pablo, J. J.; Abbott, N. L.
Endotoxin-induced structural transformations in liquid crystalline droplets. Science
332, 1297–1300 (2011).

[68] Poulin, P.; Stark, H.; Lubensky, T. C.; Weitz, D. A. Science 275, 1770–1773 (1997).
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Appendix A: Further observations

In the appendix I will give some additional preliminary experimental results of the not yet
finished work and the results that do not have good enough explanation.

Lasing and switching in ferroelectric LCs

Ferroelectric liquid crystals are known for their fast switching under applied electric field.
Therefore, they could be a good candidate as a material for droplets used for WGM micro-
cavities instead of nematic LCs. We introduced nile red fluorescent dye into a ferroelectric
liquid crystal (SmC*, Kingston Chemicals) and mixed it with PDMS. The ratios of the ma-
terials and the mixing procedures were the same as with nematic droplets (Section 4.1). The
produced droplets are unfortunately not completely spherical and their internal structure is
also in majority of cases full of defect lines (Figure 81). Some smaller droplets, have how-
ever nice structure with a diametral defect line, extending from one surface of the droplets,
through the center, to the other surface.

Figure 81: Ferroelectric LC droplets in PDMS. Most of the droplets do not have a nice spherical
shape or they contain defect structures. Scale bar 20µm.

We have illuminated the droplets with the CW Ar-ion laser to excite the WGMs. How-
ever, in the fluorescent spectrum from a single droplet we did not observe any spectral peaks.
We than used the pulsed Nd:YAG doubled laser as an excitation source. In this case we
have observed several spectral lines (Figure 82). The lines appear in groups, indicating a
non-spherical shape of the droplet.
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Figure 82: Lasing in ferroelectric LC droplets. Spectrum of lasing of a 30µm diameter droplet. Inset
shows a fluorescent image of the lasing droplet.

When the droplet was illuminated with the pulsed laser, an electric field of 1V/µm
was applied to the cell containing the dispersion of droplets. The spectral lines shifted by
approximately 2 nm to shorter wavelengths (Figure 83). The tunability is in this case quite
small compared to the nematic droplets of the same size. Also the speed of switching is in
order of seconds, which is extremely slow even when compared to nematic droplets. When
turning the electric field on or off, the change in the internal structure of the droplet can be
seen by naked eye, that it is very slow. We believe that unwinding of the helix is taking place
when applying electric field, which is a slow process. The droplets should be smaller than
the pitch to achieve fast switching, however in such small droplets, no lasing is observed.

Figure 83: Electric field switching in ferroelectric LC droplets. Electric field of 1V/µm has been
applied to the droplet. Shifting of modes to shorter wavelengths is observed with the characteristic
time in the order of seconds.
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Photonic molecules

The idea was to couple two WGM microcavities and observe tunneling of light from one to
another and the splitting of their modes because of coupling. To achieve resonant transfer
of light, at least one mode from one microcavity should match one other mode in the other
microcavity. With tunable WGMs in liquid-crystal droplets this is easy to achieve by using
electric field. Two droplets of different size have different tunabilities and with increasing
the electric field, there is a great chance that two modes will match (Section 4.3.3). To have
a simpler system we have used 10µm non-tunable fluorescent solid melamine formaldehyde
(MF) particles and non-fluorescent E12 LC droplets. Both the solid particles and the LC
were mixed into the PDMS forming a dispersion of both solid and liquid particles. In some
cases a droplet was in close contact with a solid particle (Figure 84a). The separation
between both could be also controlled by using the IR laser tweezers. The fluorescent MF
particle was illuminated by the CW Ar-ion laser and the spectrum was collected from the LC
droplet. As the electric field was increased, the positions of WGMs were analyzed (Figure
84b). Instead of a continuous variation of the frequencies of WGMs, steps are observed. This
could indicate mode splitting because of coupling of modes in the two resonators. However,
further measurements with higher resolution spectrometer have to be performed to confirm
the results.

Figure 84: Photonic molecules. a) A fluorescent 10µm MF particle in contact with an E12 LC
droplet in PDMS. b) Positions of WGMs in the droplet with the MF particle being excited while the
electric field is increased.

Measuring spectral width of WGMs using a Fabriy-Perot in-
terferometer

To measure the Q-factor of WGMs in nematic LC crystal, we have used a spectrometer
with the resolution of 0.05 nm. We have found that the spectral width of WGMs is the
same or below this resolution. To use a higher resolution spectrometer of the same kind is
not convenient because of the large size and price of such a device. Other methods could
be used such as coupling of a droplet with a tapered fiber and using a narrow line tunable
laser (Section 2.2.5.1). Other method would be to use a Fabriy-Perot interferometer. The
interferometer is made similarly as a laser cavity with two highly reflective mirrors. Only the
light that matches a mode inside the resonator is transmitted through the interferometer.
One mirror is connected to a piezo actuator so that the modes in the cavity are scanned over
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the whole FSR of the interferometer. The interferometer is useful just to measure spectral
features that are narrower than its FSR. In the other case the spectral features can overlap.
The idea is to use the spectrometer as a monochromator that can pass to its output only
a very narrow spectral region. A single WGM line can be selected by rotating the grating
and by choosing the appropriate output slit width. This single line is then sent through the
scanning interferometer to a photomultiplier.

Unfortunately when performing this experiment, the intensity of this single spectral line
was so weak, that just noise was detected on the photomultiplier. To get better signal, the
WGMs should be exited above the lasing threshold to achieve higher intensity, as well as a
lock-in amplifier should be used at the output of the photomultiplier.

Pulse length of the 3D laser

We have also measured pulse length of the 3D laser and compared it to the pulse length
of the spontaneous fluorescence (that is below the lasing threshold) and the pulse length of
the Q-switched Nd:YAG excitation laser. We have used a fast photodiode and a 2.5GHz
oscilloscope (LeCray, WavePro 725Zi). A single CLC droplet was excited in the same way
as for previous experiments and the generated light was sent through an optical fiber to the
photodiode.

First, pulse length of the excitation laser (blue line) was measured. The results are
shown in Figure 85. After the main pulse, a second pulse can be observed, which we believe
originates from the photodiode and the amplifier. After the second pulse the signal also
goes to negative values, which can not be attributed to the signal from the laser, but an
artifact from the electronics. The length of the first pulse is 3 ns. The specified pulse length
of the Q-switched laser given by the manufacturer is below 1 ns. We can conclude that
the photodiode is not fast enough for this measurements. Regardless of this, a slightly
different time response can be measured for the light emitted by a 3D laser compared to the
excitation pulse. Below the lasing threshold (green line), the pulse length becomes longer in
agreement to the typical fluorescence lifetime of the organic dyes. Above the lasing threshold
(red line) the pulse length is shorter than for fluorescence. In this case, one would expect
longer pulse length, since the light is trapped in the resonator and does not escape so fast.
However, for the 3D laser line spectral width of 0.1 nm, the Q-factor equals 6000 and the
corresponding photon lifetime in the resonator using (2) is of 0.002 ns. This is three orders
of magnitude faster than the fluorescence lifetime and does not contribute to the results. On
the other hand, it is obvious that the laser pulse from the CLC laser should be shorter than
the fluorescence lifetime, since after long time, most of the excited molecules spontaneously
decay into lower states and the population inversion no longer exists.
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Figure 85: Time response of the 3D laser. Normalized intensity on a fast photodiode of a single
pulse for the three cases: the Q-switched excitation laser and the 3D laser below the lasing threshold
and above the lasing threshold.
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