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In recent years, investigation on the non-display applications of liquid crystals has increased considerably.
One of the emerging applications is whispering gallery mode (WGM) lasing. Here, we report experimental
studies on the morphology and WGM lasing in nematic (N), smectic-A (SmA) and smectic-C (SmC)
microdroplets dispersed in a highly transparent and low refractive index perfluopolymer. The mesomorphic
microdroplets, obtained by varying the temperature, exhibit radial director configuration. The SmA
microdroplets are found to be highly stable and robust against mechanical stress compared to the N and
SmC microdroplets. We study lasing properties such as intensity, threshold pump energy and linewidth,
and show that overall the SmA microdroplets are superior to the N and SmC microdroplets. The
experimental results are discussed based on the orientation of the dye molecules, director fluctuations
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|. Introduction

The quest for the successful realization of flexible and integrated
photonic devices has drawn a great deal of interest in recent
years. Such devices require tunable optical microcomponents
such as filters, sensors and waveguides. In this context, liquid
crystal based optical microcomponents are prospective contenders
for future generation tunable microdevices."” Liquid crystals exhibit
a variety of mesophases with dintinct optical properties and each
mesophase might offer a unique technological solution for specific
devices. Microdroplets of a dye-doped liquid crystal act as optical
microcavities and recently several studies have been reported.”* >
In those systems, the light coupled to the microcavity circulates
inside due to the total internal reflection and the optical resonance
occurs when the circulating light meets in-phase, which is known as
whispering gallery mode (WGM) resonance.’* Under a simple
approximation, this can be achieved when 2nans =~ I, where a is
the radius, ny is the refractive index of the sphere and [ is an integer.
If the input energy exceeds a certain threshold, the dye gives off
stimulated emission and the microresonator begins to emit multi-
mode laser light.

The first report on the WGM resonance by Humar et al
opened up a new direction of application of liquid crystals.®
They demonstrated tunability of WGM resonance, Bragg cavity
lasing and surfactant sensing.'” Peddireddy et al. demon-
strated lasing and waveguiding in smectic-A liquid crystal
fibers.* Petriashvili et al. have shown omnidirectional lasing
in cholesteric microdroplets.'* We have reported electrical and
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thermal tuning of WGM resonance of nematic microdroplets
and the magnetic field tuning of lasing from ferromagnetic
nematic microdroplets.®® Recently, Sofi et al. have studied the
stability of nematic microdroplets in several dispersing media."?
There are also many experimental and theoretical reports on liquid
crystal microdroplets.’>>* Despite rich and diverse structures of
liquid crystals, no comparative study has been reported so far with
an aim to bring out the relative merits of lasing in the meso-
morphic microdroplets. In this paper, we report on the lasing
properties of nematic (N), smectic-A (SmA) and smectic-C (SmC)
microdroplets of a liquid crystal compound. We show that the
SmA microdroplets are mechanically robust and have lower lasing
threshold pump energy and higher lasing intensity than that of N
and SmC counterparts. Hence, SmA microdroplets are more
appealing microcavities for making microlasers. We discuss the
possible effects of refractive index contrast, director fluctuations
and orientation of the transition dipole moment of the dye
molecules on the lasing properties. This study provides useful
guidelines for an appropriate choice of liquid crystal mesophase
for optical microcavities in diverse photonic applications.

ll. Experimental

We used a pyridine derivative liquid crystal compound that
exhibits the following phase transitions: I 68 °C N 64.5 °C SmA
57.7 °C SmC 33.2 °C Cr. It exhibits a first order I to N and a
second order SmA-SmC phase transition.>® A small amount of
Nile red fluorescent dye (0.7 wt%) was doped in the liquid crystal for
inducing fluorescence. The transition dipole moment of the dye
molecule is along the long axis.**** We used a perfluoropolymer

This journal is © The Royal Society of Chemistry 2019
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Fig.1 (a) Schematic diagram of the experimental setup built on an
inverted polarising optical microscope. A Q-switched pulsed laser of
wavelength 532 nm triggered by the function generator is used to induce
the fluorescence emission of the Nile-red dye doped microdroplets. The
spectrum emitted from the microdroplets is detected and recorded by the
Andor spectrometer, and the images are taken by the camera. (b) Side-
view of the cell showing suspended droplets in Cytop solution.

(CTX-809A) commonly known as Cytop as a dispersing medium.
It is highly transparent and its refractive index is very low (n =
1.34)."*?® To reduce the viscosity of the Cytop, we added a
fluorinated solvent (CT-Sol.180) with a volumetric ratio of 1:2.
Cytop is diluted by fluorinated solvent to ease the formation of
liquid crystal microdroplets. Both the materials are obtained
from Asahi Glass Co. Ltd, Japan. The diluted mixture is named
here as “Cytop-solution”. The Cytop-solution containing micro-
droplets, prepared through micropipette injection, is inserted in
a cell prepared by two glass plates which are separated by a
spacer of thickness 240 pm (Fig. 1(b)). The liquid crystal is
immiscible in Cytop solution. The microdroplets are formed in
the nematic phase and cooled slowly to the SmA and SmC
phases respectively. The experimental setup is built on an
inverted polarising optical microscope (Nikon, Eclipse Ti-U)
(Fig. 1(a)). A temperature controller and a heating stage (Instec
Inc. mk1000) mounted on the microscope are used to control
the temperature with an accuracy of 0.1 °C. An isolated micro-
droplet of desired diameter is selected and pumped with a
Q-switched pulsed laser (400 ps) of wavelength 532 nm (Teem
Photonics, Model: PNG-M02010-130). The absorption band of
Nile red dye matches with the wavelength of the pulsed laser
and the fluorescence light is coupled into the microdroplets. All
the experiments are performed using a Nikon S Plan Fluor 60x/
0.70 objective. A high resolution spectrometer (Andor, Shamrock
SR-500i) is connected to one of the ports of the microscope and the
same objective is used to collect the emission spectrum.®"?

[1l. Results and discussion

Our experiment starts with the search for an appropriate
dispersing medium for liquid crystal micodroplets that provides
radial anchoring of the director (the mean orientation direction of
the elongated molecules). We tried forming microdroplets in
several polymers such as polydimethylsiloxane (PDMS), glycerol-
lecithin mixture and the Cytop solution. From the comparative
study, it is found that the Cytop-solution provides a perfect radial
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anchoring of the director. The radial anchoring is strong and
retained over several weeks, without any observable change in the
texture. The radial anchoring of the molecules at the interface is
due to the very low surface energy of Cytop.®*” There are several
studies reported on the alignment behaviour of liquid crystals in
Cytop-solution coated Hele-Shaw type cells. It was reported that
Cytop-solution provides perfect homeotropic alignment for SmA
liquid crystals compared to the conventional homeotropic aligning
agents.”®**° To check the mechanical stability, we applied mild
physical stress on the microdroplets with the help of a mechanical
tweezer. It is observed that the textures of N and SmC microdro-
plets are changed irreversibly whereas the SmA microdroplets
remain intact after the stress is removed. We did not observe
any diffusion of liquid crystal or dye molecules across the
interface, except in the isotropic phase. In addition, there is
no sedimentation of microdroplets and also no noticeable
change in the diameter of the microdroplets is observed across
the phase transitions. Thus, SmA microdroplets in Cytop-
solution are chemically stable and mechanically robust than N
and SmC microdroplets. Fig. 2(a—c) shows the POM micro-
graphs and corresponding A-plate (530 nm) images of the
microdroplets. Four intensity extinction brushes and a hedgehog
point defect at the centre indicates that the director is radial
(homeotropic) to the interface. This also means that the smectic
layers are concentric in both the SmA and SmC microdroplets as
shown schematically in Fig. 2(e and f). We noticed that the radial
anchoring is partially broken close to the SmC to Cr phase transition
(33.2 °C) and eventually no lasing is observed. Hence, the experi-
ments on the SmC microdroplets are performed just 5 °C below the
SmA-SmC phase transition (which is about 20 °C above the SmC to
Cr phase transition temperature).

54.00 °C

Fig. 2 (a-c) Polarizing optical micrographs (POM) of a microdroplet of
diameter 14.5 um in the N, SmA and SmC phases. A-Plate images of the
respective microdroplets are shown underneath. Temperatures of the
microdroplets are shown on the i-plate images. Crossed polarisers and
A-plate orientation are shown on the left side. (d—f) Schematic director
profiles in N, SmA and SmC microdroplets. Yellow ellipsoids represent Nile
red dye molecules (doped).
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In SmC microdroplets (Fig. 2(c)), the extinction brushes
rotate clockwise due to the collective tilting of the molecules
in the layers. We have measured the approximate tilt angle ()
from the POM micrographs at different temperatures below the
SmA-SmC phase transition. Fig. 3(a) shows that the tilt angle
increases gradually from 0 = 0° to about 0 = 18° as the temperature is
decreased from 58 °C to 53 °C. We also measured the birefringence
(An) of the sample using a phase modulation technique.*'?*
Fig. 3(b) shows that An increases with decreasing temperature
and changes slope discontinuously at the I-N and N-SmA phase
transitions. A small but measurable change in An is also observed
across the SmA-SmC phase transition temperature.

In what follows, we investigate the WGM lasing of the
mesomorphic microdroplets. For this purpose about 0.7 wt%
Nile red dye was dissolved in the isotropic phase of the liquid
crystal before dispersing it in the Cytop-solution to form
microdroplets. We choose an isolated microdroplet and illuminate
its edge with the tightly focussed laser beam to induce fluores-
cence. The emitted light is coupled and circulates within the
microdroplets due to the total internal reflection, and con-
sequently the WGMs are excited. A representative spectrum of
a typical WGM resonance (below the lasing threshold pump
energy) of a microdroplet of diameter 10 um is shown in Fig. 4.
When the pumping energy exceeds a certain threshold value,
some of the modes start lasing. Fig. 5(a-c) show fluorescence
images of microdroplets (diameter > 20 pum) illuminated by
pumping energies much above the lasing threshold values. In
each microdroplet, we see a brighter light spot on the dia-
metrically opposite side of the excited edge and a thin ring of
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Fig. 3 (a) Temperature dependent tilt angle (0) measured from the texture

of a SmC microdroplet of diameter 33 um. (b) Temperature dependent
birefringence (An).
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Fig. 4 A typical WGM spectrum at a pumping energy of 20 nJ (below the
lasing threshold) of a SmA microdroplet of diameter 10 um.
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Fig. 5 (a—c) Fluorescence images of illuminated edges of N, SmA and
SmC microdroplets with pump energy of 115 nJ. Insets of images (a),
(b) and (c) show the respective emission patterns of the whole micro-
droplets. The N, SmA and SmC microdroplet diameters are 21, 22 and
22.4 um respectively. (d—f) Emission spectrum from the respective micro-
droplets. White arrows indicate the excitation edges of the microdroplets.

light within the microdroplet circumference, suggesting the
WGM excitation. In addition, a speckle formation is also observed
above the lasing threshold pump energy, suggesting that the
emitted light is coherent. It is observed that at the illumination
point which is just inside the interface, the scattering of light from
the SmC microdroplets is comparatively larger than that of N and
SmA microdroplets (inset to Fig. 5(c)). The emission spectrum of
the respective microdroplets in the lasing regime is also shown in
Fig. 5(d-f). It may be noted that the linewidths (FWHM) of the laser
lines are much narrower than that of the WGM resonance (Fig. 4).
The cavity quality factor of a resonator is given by Q = A/A/, where
AZ is the full-width at half maximum. The quality factor above the
lasing threshold pump energy for a fixed droplet size is found to be
Q ~ 10" Two types of peaks with higher and lower intensities are

This journal is © The Royal Society of Chemistry 2019
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observed in Fig. 5(d-f). They are considered to be TM and TE
modes corresponding to the electric field of the light being either
parallel or perpendicular to the director. The long axes of the Nile
red molecules and hence the emission transition dipole moments
are aligned along the director (yellow ellipsoids in Fig. 2(d-f)).
Consequently, the TM modes are strongly coupled to the transition
dipole moment and have higher intensities than TE modes in N
and SmA microdroplets. However, in SmC the situation is com-
plicated because of the molecular tilt. The transition dipole
moments have a projection on to the TE modes and as a result
TE modes are enhanced and TM modes are reduced as the
temperature is decreased across the SmA to SmC transition.

To investigate the lasing properties, we analysed the most
intense modes in three mesomorphic microdroplets. Fig. 6
shows the quantitative differences of the lasing characteristics
of N, SmA and SmC microdroplets. In all microdroplets, a
typical two-slope curve for intensity and linewidth as a function
of pumping energy is observed. The lasing intensity increases
and the linewidth decreases with the increasing pump energy.
The change of slope occurs at the threshold energy, which
suggests the onset of the stimulated emission of the gain
medium. During such an emission transition, the gain of the
active medium supersedes the optical losses in the microdroplets
on account of the attainment of the population inversion between
the ground and the excited state energy levels of the dye molecules.
In the nematic microdroplet (diameter 21 pum), the lasing threshold
pump energy for the highest intensity mode is 75 nJ (Fig. 6(a)).
For the SmA and SmC microdroplets (diameter ~ 22 pm)
the threshold energies are almost the same i.e., nearly 42 nJ
(Fig. 6(c and e)). The variation of the corresponding linewidths
is also shown in Fig. 6(b, d and f). A clear change of slope is
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Fig. 6 (a, c and e) Variation of output intensity and (b, d and f) corres-

ponding linewidths as a function of pumping energy. The wavelengths of
selected highest intensity modes are 616.4 nm, 629.8 nm and 629.2 nm for
the N, SmA and SmC microdroplets respectively. The N, SmA and SmC
microdroplets’ diameters are 21, 22 and 22.4 um respectively. Threshold
pump energies are marked by arrows. Dotted lines are drawn as guides to
the eyes.
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Fig. 7 Variation of lasing intensity of the mode corresponding to the
emission line 4 = 629.2 nm with tilt angle 0 in the SmC phase for a pumping
energy of 224 nJ. A dotted line is drawn as a guide to the eye. Droplet
diameter: 25 pm.

observed at the corresponding threshold pump energies.
Fig. 6(a, ¢ and e) also show that the lasing intensity from the
SmA microdroplet is larger than that from both the N and SmC
microdroplets. For example, at a fixed pump energy of 80 nJ
(above the threshold pumping energy) the output intensity of
the SmA microdroplet is 55 (a.u.) (Fig. 6(c)), whereas in N and
SmC microdroplets it is about 10 (a.u.) and 13 (a.u.), respec-
tively (Fig. 6(a and e)). Thus, the intensity of SmA microdroplets
is almost 5 times larger than that of the N and SmC micro-
droplets. In the SmC phase the lasing intensity depends on the
tilt angle 0 as shown in Fig. 7. The intensity decreases with
increasing tilt angle. We also studied the effect of the droplet
size on the lasing threshold and the results are shown in
Fig. 8(a). The radiation loss due to the curvature in smaller
microdroplets is larger than that of the bigger microdroplets
as a result of which the threshold energy decreases with
increasing diameter. The lasing threshold pumping energy
of the N and SmA decreases faster than for the SmC micro-
droplets. The threshold pump energy of larger SmA microdroplets
(diameter >25 pm) is smaller compared to both the N and SmC
microdroplets.

Uniaxial liquid crystals possess extraordinary (7.) and ordinary
(o) refractive indices which are temperature dependent and in
calamitic liquid crystals, n. > n,. In mesomorphic compounds,
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Fig. 8 (a) Dependence of lasing threshold pump energy on microdroplet

diameter. Dotted lines are drawn as guides to the eye. (b) Fluorescence
intensity measured from a thin film of sample confined between two glass
plates at different temperatures. The bandwidth of the excitation filter is
510-560 nm. Small oscillations overlaying the emission are due to the
finite thickness of the cell.
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usually n. increases and n, decreases while decreasing the
temperature across the N-SmA-SmC phase transitions. Hence,
the refractive index difference (n. — 1, where n,, is the refractive
index of the Cytop-solution) across the SmA-SmC phase transi-
tion is increasing. But the SmC phase has monoclinic symmetry
and is thus weakly biaxial due to the tilting of the molecules in
the layer. With decreasing temperature, 0 increases and the
intensity of the TM modes (peaks with higher intensities)
decreases. The director fluctuations in the nematic microdroplets
cause scattering losses in the microcavity. In the SmA micro-
droplets, the fluctuations are suppressed and hence the scatter-
ing losses are reduced. Thus, the lower threshold energy and
higher lasing intensity of SmA microdroplets could be attributed to
the larger refractive index contrast with respect to the Cytop-solution
and the lower scattering losses due to the suppression of the
director fluctuations. The quantum yield of the fluorescent dye is
usually solvent and temperature dependent and this could also
contribute to the lasing properties. To see this effect, we have
measured the fluorescence intensity from a thin film of the sample
confined between two parallel glass plates at different temperatures.
However, no noticeable change in the spectrum is observed
(Fig. 8(b)). Hence, quantum efficiency of the dye is not respon-
sible for the difference in the lasing properties of the meso-
morphic microdroplets.

IV Conclusions

In summary, we have performed a comparative study of
the morphology and lasing properties of N, SmA and SmC
microdroplets dispersed in Cytop-solution (perfluoropolymer).
We find that the SmA microdroplets are chemically stable and
mechanically robust compared to the N and SmC micro-
droplets. The SmA microdroplets have in general lower lasing
threshold pump energy than the N and SmC microdroplets.
The lasing intensity of the SmA microdroplets is almost five
times larger than that of the N and SmC microdroplets. Thus,
SmA microdroplets are superior optical microcavities for lasing.
The refractive index contrast with respect to the surrounding
medium, director fluctuations, orientation of the transition
dipole moment of the dye molecules and director tilt have
important contributions to the properties of WGM lasing of the
mesomorphic microdroplets. We hope that this study will
encourage the investigation of the unexplored lasing properties
of several liquid crystal phases.
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